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INTRODUCT ION

The topic of the experimental research performed under Air Force contract was
magnetic field line reconnection in a large laboratory plasma. The motivation was
to test theoretical models and ideas applied to reconnection in space plasmas.
Particular attention has been focused on the magnetic field topology which is thought
to change by tearing instabilities resulting in impulsive conversion of magnetic
energy to kinetic particle energies.

The first report, Reference 1, describes measurements and interpretations of
triggered tearing modes in a neutral sheet. In these experiments multiple magnetic
X- and O-points were imposed on the neutral sheet and growth/decay of these structures
were followed in space and time. No major disruptions were observed,

Reference 2 summarizes the nonlinear interactions between fields and particles
in a neutral sheet. Fully resolved particle distribution tunctions in three-dimensional
velocity space have been measured. Likewise, fluctuations in the magnetic field
have been resolved by three~dimensional correlation measurements. As shown in detail
in Reference 3, these fluctuations consist of oblique whistler waves which, as demon-
strated in Reference 4 are driven unstable by anisotropic tails in the electron
distribution function. These tails are generated by particle acceleration in the
reconnection electric field along the separator, i.e. by conversion of magnetic field
energy via Faraday's law.

Reference 5 describes experiments on current sheet disruptions such as those
which may arise in magnetic substorms or solar flares. Most striking is the observation
of the formation of double layers in the current path. At these double layers, the
magnetic field energy is converted to particle beams which, upon injection into the
surrounding plasma, generate microinstabilities and heat electrons and ions.

Reference 6 summarizes our understanding of reconnection in a laboratory plasma

and relates the finding to observations in space. It is pointed out that MHD theories

,; AR AN ARG W T T RO e I Xy - I o )




cannot account for the plasma dynamics near null points since the ions are essentially
urmagnetized and the magnetic fields/currents are mainly controlled by the clectrons,
For example, magnetic field transport occurs by electron whistler waves rather than
ionic Alfven waves,

Due to space charge coupling of electrons and ions, an electron current system
can be drastically modified by the ion dynamics such as demonstrated in Reference 7.
It is observed that strong current flow in narrow flux tubes leads to space charge
electric fields which pump the ions/plasma out of the flux tube leading to a current
disruption. Such phenaomena may account for the frequently observed turbulence and

fine scale structure of currents in neutral sheets.

SUMMARY

In sumary, extensive data on magnetic field line reconnection have been obtained
in a laboratory plasma which have helped to understand reconnection processes close to
magnetic null regions. These regions are difficult to study in the magnetotail due
to the variability of the solar wind, and they have not been studied theoretically due
to the difficulty to use kinetic theory coupled with electromagnetism. Wwe think the
laboratory effort contributed to the understanding of reconnection in a parameter

regime not accessible by other means.
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Triggered Tearing Modes in a

Magnetic Neutral Sheet

R. L. Stenzel and W. Gekelman

PPG 756 November 1983

Department of Physics
University of California
Los Angeles, CA 90024

Abstract

An experimental investigation of tearing mode instabilities
in a magnetic neutral sheet has been performed. A long flat
current sheet is generated in a large laboratory plasma. It is
perturbed by pulsing a current through a fine wire along the
separator so as to trigger the formation of magnetic 0-and
X-points. Two magnetic islands are excited. Their growth,

propagation and merging within the neutral sheet is observed.
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Introduction

Tearing mode instabilities are considered to be responsible
for the dis.uption of current sheets in solar flares and
magnetospheric substorms (Birn and Schindler, 1981; Hones, 1980).
Although tearing modes have been investigated theoretically in
great detajil (Furth et al., 1963; Coroniti, 1977; Park et al.,
1983) their experimental investigation has been mostly restricted
to Tokamaks (Von Goeler et al., 1974; Robinson and McGuire,
1979). These toroidal devices have magnetic field topologies
substantially different from those in space and in-situ
measurenents of the magnetic fields are not possible due to high
temperatures and densities. 1In the UCLA reconnection experiments
a long flat reverse field geometry has been established and
diagnosed in detail (Stenzel et al,, 1983a; Gekelman et al.,
1982), The current sheet 18 expected to be unstable to tearing
and indeed, the spontaneous formation of magnetic islands has
been observed in a certain parameter range. In order to study
tearing modes in a controlled fashion it is desirable to perturbd
a marginally unstable neutral sheet with an external trigger
pulse and then to observe its space-time evolution. Such

experiments will be described here.

Bxgerinent

A linear discharge plasma column shown in Fig. 1 is
generated with a 1 m diameter cathode. Typical plasma parameters
are a density n, = 1012c1-3, temperature kTe =« 10 eV, kTi = leV,

Argon gas pressure p ~ 2 x 10-‘ Torr, and an axial confining dc
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magnetic field Byo = 106G, The plasma is uniform, collisionless
and highly reproducible in pulsed mode. Typical pulse widths are
tp ~ 5 msec and repetition times tr = 2 sec.

In order to generate a current sheet a pulsed transverse
magnetic field EL (x,y,t) is applied. It is generated by pulsing
axial currents (I = 10kA, trise = 100usec) through two plates
parallel to the plasma column. The magnetic field topology
contains in vacuum an X~-type neutral point at the center.
However, in the presence of plasma electron currents are induced
which are so large (Ip =~ 1000A) that the magnetic field topology
is strongly modified. While the current prefers to flow in the
null regions of the transverse magnetic field it can rearrange
the neutral region in a self-consistent manner. As predicted by
MHD theories (Dungey, 1958) we observe during the rise of the
external magnetic field the formation of a classical neutral
sheet shown in Fig. 2a. The corresponding current sheet, Jy = Ux
gL/uo, has a thickness Az =5 cm which lies in between the
collisionless skin depth (c/wpe = 0.8 cm) and the ion Larmor
radius (rci =30 cm).

Current sheets can break up into current filaments through
the process of tearing mode instabilities. Fig. 2b shows the
observation of a large magnetic island which has grown in the
original neutral sheet at larger current densities. In order to
study in a controlled manner the growth of such modes the current
sheet is kept near threshold for tearing and a trigger magnetic

island 1is excited. As shown in Fig. 3 this is accomplished by

inserting a fine wire (0.5 mm diam.) parallel to the neutral
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sheet along the full length of the device and applying a current
pulse to it (900 A, 20usec). The wire is insulated from the
plasma and causes only a small local density perturbation.

Time and space resolved measurements of the magnetic field
topology are obtained with a movable magnetic probe pair (Bx’
Bz)’ For repeated pulses the time history of fL(t) is digitally
recorded at typically 300 different positions in the x~-z plane
transverse to the axial currents Jy' The large data flow
requires the extensive use of modern digital data processing
equipment including fast anolog-to-digital converters (100 MHz,
32 k words), on-line minicomputer (LSI 11/23), an array processor
(MAP 200), and a data link to a large off-site computer (Cray 1)
for final data analysis and display. Not only magnetic probe
signals are analyzed in this manner but also signals from
particle detector, Langmuir probes and wave detectors (Stenzel et
al., 1983b). Fig. 4 shows a schematic summary of the diagnostics

and data processing setup.

Triggered Tearing Modes

At a time t = 30usec after the generation of the current
sheet the trigger pulse is applied to the axial wire. Its
waveform is that of a half-sine wave of duration T = 7 /y =20usec
and peak current Inax * 900 A and peak voltage Vaax ™ L dI/dt =
1000 v.

A sequence of vector magnetic field maps at various times t

ie presented in Fig., 5 a-f%. Just after turn-on of the current

pulse (t = 30.2usec, Fig. 5a) the perturbation magnetic field
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becomes visible. The x-z plane of measurement is chosen
inadvertedly too high with respect to the device axis or trigger
wire. At t = 36usec (Fig. 5b) the perturbation magnetic field
stands clearly out from the neutral sheet. The point of
measurement is at the center of each vector whose length scales
linearly with the local field strength. The data points are
separated by Ax = Az = 2 cm. Due to the rapid variation of iL
near the wire the measured field appears somewhat random but
close inspection shows that the field lines circle around the
wire located at x= 33 cm, z=6 cm. The current in the wire flows
normal to the x - z plane in the same direction as the plasma
current, i.e. toward the cathode.

Fig. 5c and d show the growth of the trigger magnetic island
up to its maximum at t =~ 40 ysec. The addition of the large
magnetic island to the neutral sheet has generated two magnetic
217 ¢cm, x

X-points at x =~ 50 cm and z, 5= 9 ¢cm. The growing
?

1 2
magnetic island tends to decrease the plasma current since, by
Lenz's law the induced currents are opposite to the applied
current. The axial plasma current is greatly impeded by the
strong transverse magnetic field of the island (B, = 10...100 G).
An E x B plasma drift leads to the expulsion of plasma radially
away from the wire. At typical ion velocities vy = e = 5 x 107
cm/sec the plasma can move in At = 10usec over distances 4r = 5
cm which leads to significant plasma losses in the island. The
X~points shift outward with the expanding plasma. However, since

the separatrices at the X-points intersect at nearly 90° little

current flows in these regions.
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Besides the transverse magnetic field there is also an axial

magnetic field component, Byo ~ 10 G, applied to the plasma. The

peak plasma pressure nkT = 1012 cn-3 x 10eV is larger than the

magnetic field pressure, nkT = 4 (Byozl 2u°). This implies a
significant modification of the axial field. Observations show
that the axial field does not completely vanish but can locally
decrease to 507 of its external value. Nevertheless, the field
lines around the wire are helical with varying pitch like in a
flux rope. The current may actually arrange itself in a
force-free configuration (Vv x B “ g). Three-dimensional field
maps [B

and B z)] would be required to

x (x,9,2)" Py (x,y,2) z (x,y,
conclusively establish the field topology. The capability for
performing such measurements is presently being build up. It
requires a fully three-dimensional probe motion, three vector
component measurements and a full-size computer (VAX 11/750) for
an order of magnitude larger data arrays.

Fig. 5e and f show the field topology during the decrease of
the current applied to the wire. At this time the inductive
electric field has changed sign and induces plasma currents in
the same direction as the wire currents. These currents flow
near the neutral points whose separatrix now intersects at angles
different from 90° (V x B ¥ 0).

Fig. 5g and h are the most interesting cases showing the
excitation of two magnetic islands. These islands are induced in
the current sheet in response to the time-varying wire current.

It is important to note that the induced plasma current flows in

two current channels located in the original neutral sheet rather

12
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than in a coaxial return current distributed symmetrically around
the wire. This feature indicates the inherent instability for
the current sheet to filament or to tear.

While in Fig. 5h the O-and X-points are clearly separated
one observes in Fig. 51 and j the merging of both null points.
The current in the axial wire has reversed sign and is growing in
magnitude. The trigger field lines are reversed from those of
the first half cycle. The resultant field tcopology forms neutral
points above and below the wire. The normal component Bz in the
original neutral sheet is enhanced so that the null region

vanishes.

Finally, Fig. 5k and 1 shows the change in the field
topology during the decrease of the trigger current. The null
region above the trigger wire has separated into two X-points
(x1 = 15 cm, X, = 50 cm, 2z = 20 cm). Over a large region
around the wire the field lines are linked with it indicating a
substantial plasma current parallel to the wire current. It is
worth noting that at t ~ 80usec the applied current through the
plate electrodes has reached its maximum yet the plasma current
has reversed the applied Bx component. Except near the
boundaries the field inside the plasma is established self-

consistently by V x B = Hode
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Figure Captions

Schematic picture of the experimental arrangement. (a)
Cross-sectional view showing parallel plate electrodes
with pulsed currents I; and magnetic field lines
without plasma. (b) Side view of the device with ain
electrodes, currents ) e%ectric fields (E .-i
V¢p), and magnetic fielgs (% yo)+ The coordinate
systen common in magnetospheric physica has been adopted
where y is along the neutral line (device axis), x is
along the horizontal neutral sheet, and 2z is normal to
the sheet.

Transverse magnetic field topologies during field line
reconnection., (a) Magnetic neutral sheet (b) Magnetic
island (O-point with adjacent X-points) due to tearing
instability.

Schematic experimental arrangement for triggering tearing
modes. A fine wire is stretched along the device axis
and a current pulse is passed through it. It excites
magnetic O0- and X-points in the current sheet.

Block diagram of the plasma diagnostics performed with
various probes and a digital data acquisition system.
Fast mass data handling with computers allows one to
perform time and space resolved vector measurements,
statistical analysis and particle distribution function
measurements.

Time evolution of the transverse magnetic field topology
ii(x z) in response to the trigger magnetic island.
14

The excitation of two O~-points and X-points due to
current sheet tearing is clearly visible in Fig. 5h.
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NONLINEAR INTERACTIONS DURING MAGNETIC FIELD-LINE

RECONNECTION IN PLASMAS

R.L. STENZEL and W. GEKELMAN

Department of Physics, University of California, Los Angeles, CA 90024, USA

Stimulated by important dynamic processes in space and fusion plasmas, the reconnection of magnetic ficlds in plasmas
is investigated. A well-controlled large laboratory plasma is established, and direct observations of magnetic fields and particle
distributions are performed. High speed computers are interfaced with the experiment so as to permit the analysis of
multidimensional functions. These include the average magnetic field topology (B(r, t)) and the tensor correlation function
{B\B,),,, of magnetic fluctuations, as well as the electron phase space distribution function f (v, r, t). The observations show
that the characteristic field topology of a neutral sheet is subject to a high level of magnetic turbulence consisting of low
frequency whistler waves. These are excited by anisotropies in the electron distribution functions inside the current sheet, in
particular by energetic electrons which run away in the electric field along the separator. The observed microinstabilities and
kinetic processes cannot be described by classical fluid theories or MHD simulations but are important in determining the

effective resistivity and reconnection rate.

1. Introduction

Solar flares {[1] and magnetic substorms (2]
present examples from space plasma physics where
a strong nonlinear interaction of magnetic fields
with plasmas takes place. These dynamic processes
are both characterized by a rapid energy transfer
from stored magnetic field energy into plasma
kinetic energy [3]. The events appear to violate the
classical MHD picture which predicts that mag-
netic fields are essentially “frozen in” [4] highly
conducting fluids and cannot be dissipated except
in small regions near magnetic null points where
finite resistivity permits diffusion, hence recon-
nection of field lines and dissipation [5). The
discrepancy between the observed impulsive energy
exchange and the classical steady-state theories has
long been recognized, and models for various
plasma instabilities near null points have been
proposed [6]. These involve either macroscopic
changes in the magnetic field topology by tearing
instabilities [7) or microscopic instabilities which
generate small scale fluctuations and effectively
enhance the plasma resistivity [8]. Either case leads
to nonlinear phenomena since field and plasma

properties are highly coupled. In spite of many
years of theoretical work, numerical simulation
effort and observations from spacecraft, the com-
plex reconnection process is still an open funda-
mental problem in plasma physics.

Its significance is not restricted to space plasmas.
In various fusion devices such as tokamaks, reverse
field pinches, spheromaks, and laser fusion, mag-
netic null point geometries arise [9]. In most
confinement devices there is evidence that tearing
instabilities lead to a loss of confinement of par-
ticles and energy even though the details are not
known.

A common problem in fusion and space plasmas
is the difficulty of making direct detailed obser-
vations of the reconnection processes near mag-
netic null points. The basic physical processes are
best observed in a well-controlled laboratory
plasma designed for optimizing diagnostic access.
A large diameter discharge plasma has been used
at UCLA for reconnection studies for several years
[10-15).

Although one cannot model in a laboratory
device global configurations of cosmic plasmas, the
characteristic magnetic null point geometry can be

0167-2789/84/$03.00 © Elsevier Science Publishers B.V.
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reproduced [16-18]). Here we will show the for-
mation of a classical magnetic neutral sheet [5]. It
presents the interface between two oppositely di-
rected magnetic field regions, and it is maintained
by a plasma current sheet. Its stability has been
investigated and is found to contain a high level of
magnetic turbulence. It consists of a broad spec-
trum of unstable whistler waves. The source of
these instabilities lies in the non-equilibrium elec-
tron distribution function in the current sheet.
Anisotropies in the form of runaway electron tails
are observed from direct measurements of
S (v, r, t). The significance of these findings to the
reconnection physics is twofold: (i) Non-
Maxwellian distribution functions modify the clas-
sical transport parameters, for example, the
effective resistivity is determined by the runaway
electrons rather than the bulk electron “tem-
perature”. (ii) Velocity space instabilities create a
high level of turbulence which interacts with reso-
nant particles. These wave—particle interactions are
outside the models described by MHD theory, yet
may explain “‘anomalous™ resistivities, enhanced
reconnection, and energy transfer.

Most of the physical quantities measured in this
experiment involve higher dimensions and multiple
variables. In order to be able to investigate a wide
parameter space the experiment has been inter-
faced with high speed computers. This approach
opens a new dimension in experimental work.
Without digital data processing it would be essen-
tially impossible to investigate the seven-variable
distribution function or the Fourier transformed
cross-correlation tensor of magnetic fluctuations.
We will display some of these functions in stereco-
scopic form; the details for viewing such figures are
described in the appendix.

2. Experimental arrangement

The present reconnection experiment (see fig. 1)
employs a linear discharge plasma column pro-
duced with a large diameter (1 meter) cathode [19].
Typical densities are n, ~ 10'2cm ™3, temperature

30

kT, =~ 10 eV, axial magnetic fields B, ~ 10 G. The
plasma is uniform, quiescent, nearly collisionless,
and highly reproducible in pulses of duration
1, =~ 5 ms repeated every 1, & 2s. After establishing
the plasma a time varying transverse magnetic field
({B,> ~ 10G) is applied. Its topology in vacuum
contains an X-type neutral point on the axis of the
device (see fig. 1a). In the presence of the plasma
electron currents (/, ~ 1000 A) are induced which
flow preferentially in regions of B, =0 but are
sufficiently latge to modify the applied field topol-
ogy. During the period of rising magnetic fields
(0 <t <100 us) the self-consistent field distribu-
tion is that of a classical neutral sheet [S]. The
plasma current, driven by inductive and space
charge electric fields, E = —4 — V¢,, is mainly
carried by electrons which drift from the cathode
toward the end anode. The current closes via the
grounded chamber wall to the cathode. No net
currents flow to the insulated plates or to the radial
chamber walls which are separated from the
plasma by vacuum.

The plasma processes are analyzed with various
probes which provide time and space resolved
data. A digital data acquisition system consisting
of 8 bit, 100 MHz analog-to-digital (A/D) con-
verters, minicomputer (LS] 11/23), array processor
and direct data link to large size computers (CDC
7600, Cray 1) is employed. Probes include magnetic
loops, Langmuir probes, high-frequency rf probes,
and a novel directional velocity analyzer {20]. In a
typical magnetic field measurement the signals of
orthogonal loops are recorded vs. time at 300
spatial locations. At each position the experiment is
repeated up to 80 times so as to obtain statistical
averages, i.e., mean, standard deviation, and cor-
relation functions. Extensive space-time maps may
involve > 100 million numbers which can only be
handled by high speed computers.

3. Magnetic field topologies

A function of multiple variables such as the
vector field B(x,y,z, t) cannot be visualized at
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Fig. 1. Schematic picture of the experimental arrangement. (a) Cross-sectional view showing parallel plate electrodes with pulsed
currents /, and magnetic field lines B, without plasma. (b) Side view of the device with main electrodes, currents (I, 1) electric fields
(E=—-A -~ V,), and magnetic fields (B = B, + B,,). The coordinate system common in magnetospheric physics has been adopted
where y is along the neutral line (device axis), x is along the horizontal neutral sheet, and z is normal to the sheet.

once but only in a reduced parameter space. We
start to show the two-dimensional field
B, = (B, B)) in the transverse plane (x,z) at a
given time ¢, ensemble averaged at each point over
N =25 repeated experiments. Fig. 2a depicts the
field topology of a neutral sheet, the classical
configuration treated in most steady-state theories
of reconnection [21]. We observe this field pattern
during the rise of the applied currents. The induced
plasma current tends to slow down the penetration
of the external field and its reconnection in the null
region. The current sheet J =V x B/u, has a half
width of 4z =~ 3 cm which is on the order of the
collisionless skin depth c/w, =0.7cm. Current
sheets investigated in space are often broader than
an ion Larmor radius so that, in comparison, we
are resolving the fine structure of current sheets.
The field topology is macroscopically stable for
many Alfvén transit times across the plasma
(1, = 7 us in He, 20 us in Ar). However, in the case
of very large current densities (J = nev,) disruptive
instabilities are observed [22]. These will not be
considered in this paper.

In response to the induced currents and J x B
forces, the plasma is vertically compressed and
horizontally expelled. We have measured the fluid
motion with orthogonal differential ion velocity
analyzers [12]. Fig. 2b depicts the characteristic ion
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Fig. 2. Measured magnetic field and flow field duting recon-
nection. (a) Transverse field B, (x, z) at a fixed time ¢, position
y =137 cm, showing the classical neutral sheet topology. (b)
Transverse ion flow velocity, 9, (x, z), normalized to the local
sound or Alfvén speed, Cs= (kT /m)'” x C, = (B*2upm)'".
Vertical compressicn and horizontal jetting are in qualitative
agreement with reconnection models.

flow pattern which is observed to develop after an
initial phase of turbulence. The measured flow field
clearly shows the fluid jetting at Alfvénic speeds,
which is predicted by theory and computer simu-
lations [23] and thought to explain the generation
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of high energy particles in solar flares and the
magnetotail.

We now turn to the time dependence of the
magnetic field topology. Two time scales can be
distinguished: a slow one corresponding to the rise
time of the external fields (z < 100 us), and a fast
time scale associated with fluctuations and in-
stabilities. The slowly varying processes are well
reproducible over repeated experiments. Thus, en-
semble averages such as shown in fig. 2 are gener-
ated in typically 1024 successive, small time in-
crements. The time evolution of the field topologies
is then viewed in sequence in the form of a
computer processed movie. Here, we can display
only a few frames depicting the major features.

Fig. 3 shows magnetic field lines in the transverse
x~z plane at three different time steps, ¢ = 57, 58,
and 59 us. Instead of the vector field of fig. 2a, we
have integrated the B field and display contours of
constant vector potential, A, =const., where
B=V x A. The motion of magnetic field lines
through the plasma is best followed by the two
inner field lines drawn heavier. With increasing
time the opposing field lines move vertically ( & z)
towards the center, merge at the null point, and
reconnect to form a new field line pair which moves
horizontally ( + x) outward. This process of field
line reconnection occurs continuously during the
external current rise. Magnetic flux generated at
the two current carrying plates is transferred across
the separatrix into regions of common flux where
field lines encircle both current plates. During the
current decrease the process reverses but the re-
sultant vertical current sheet usually tears to form
a large magnetic island [10]. The motion of field
lines through plasmas is highly descriptive but
becomes physically significant only through the
coupling of plasma and field lines. However, near
the null region, diffusion due to finite resistivity
dominates. The field-line “velocity” is then a mea-
sure of the axial inductive electric field which is
often taken as another measure for the recon-
nection rate [21). The effective plasma resistivity is
an important parameter since it determines the size
of the diffusion region, the reconnection rate, and
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t=57 usec

4 5
x (cm)

Fig. 3. Snapshots of magnetic field lines (4, = const.) during
reconnection in a plasma. The two inner field lines merge and
reconnect to form a pair of horizontally outward moving field
lines. The entire time evolution has been displayed in a motion
picture.

the plasma heating. Direct measurements of the
resistivity [13] show a level well above the classical
one, and an inhomogeneous pattern in the neutral
sheet. These features may be understood after
having discussed wave and particle measurements.

The present discussion was so far limited to the
two-dimensional field topology. Because of the
axial component By, the total magnetic field is
three-dimensional, B =(B,, B, B,). Fig. 4 is a
display of the three-dimensional vector field in the
transverse plane B, ,,. It is presented as a picture
pair for stereoscopic viewing, the techniques for
which are explained in the appendix. The field lines
are straight only in the current sheet, and exhibit
increasing shear both above and below it. The
neutral sheet is a null region only with respect to
the transverse field (B, = B, = 0) but not the total
field (|B| = B,y = 10 G). Thus, the electrons in the
current sheet always remain magnetized. In a
different investigation we have varied the axial field
strength from B,y =0 to B, > |B,| but here we
limit ourselves to the case B,~|B,|. Both in
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Fig. 4. Stereoscopic display of the three-dimensional vector magnetic field B=(B,, B, B,) in the transverse x - z plane. For reference,
bottom plane gives a projection of the transverse field lines A,(x, z) =const. (y =137 cm). See appendix for viewing stereo pictures.

tokamaks and in the magnetosphere the fields are,
in general, three-dimensional, while most the-
oretical models assume B, =0, for simplicity.
When the axial field component is absent the
magnetic field gradients are largest. Fig. 5 presents
a stereoscopic view of the field strength |B,|,.,
along the neutral sheet which forms a deep long
valley. In such inhomogeneous fields the particle
orbits are, in general, nonadiabatic and the distri-
butions are anisotropic [24].

We now turn to the rapidly varying magnetic
field fluctuations (8B/B = 10%). These result in
rippled and distorted field lines. Although with a
single probe we cannot map the instantaneous field

wE  NAENTTURE O

lines, we can study the nature of the fluctuations
statistically, e.g., by two-point cross-correlations.
The first step in this investigation is to determine
the fluctuation spectrum in terms of characteristic
modes. Once the waves are identified the instability
mechanism and the saturation processes have to be
identified, which requires the knowledge of particle
distributions. The final step is to assess the effect
of the instability on the macroscopic plasma pa-
rameters, i.e., the transport properties.

Cross correlation studies are performed with
two identical pairs of magnetic probes, one mov-
able (# 1) and one stationary (# 2). At a given
position an ensemblie of N =80 repeated mea-

nE  NAgNITUSE O

Fig. 5. Stereoscopic view of the transverse magnetic field strength |B,(x, z)| showing steep gradients adjacent to neutral sheet
0<B<I5G, -25<x <25cm, —12<z <12cm, t =25 us). See appendix for viewing stereo pictures.
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surements of the vector components B,, B, is
recorded vs. time. Due to the slow time variation
the fluctuation processes are weakly nonstationary
30 that statistical averages must be obtained by
ensemble averaging rather than time averaging
[25]. From the stored data we calculate on-line the
ensemble mean

(B)———ZB,, m

the root mean square value of the fluctuations,

( 5 (8- <B>)2) , @

and the cross correlation function

BBy =3 % Ba— (BB —(BY) O

We note that the correlation of two vectors results
in a tensor of, at least, rank R =2. Here, its

components are given by

(BB, = ((BxleZ> <BxlBZZ>) @)

(B.By) (B.By)

In order to identify the mode spectrum we Fourier
transform the time dependence of the fluctuations,
select a narrow spectral component, and analyze its
spatial properties. The resultant cross spectral
function is a function of probe separation
Ar = (4x, Ay, Az2), delay time t between the two
probes, and a weaker function of the time ¢ during
the reconnection process, (B, B;)(4r, 1, t).

In fig. 6 we display an example of a diagonal
tensor component {B,,B,,) in the axial x—y plane
at a given frequency (w/2n =1MHz), time
(t = 21.4 us), and delay time (t = 1.3 us). The up-
per part of the figure shows a topological view of
the cross spectral function while the lower part
presents a corresponding contour plot. The dis-
plays on the right-and left-hand side are rotated by
= 6° for purpose of stereoscopic viewing (see ap-
pendix A).

The measurement indicates that even at a
selected frequency a broad spectrum of spatial
modes is excited. This behavior is also found at

1 Bx1Bx2 IMhz

H ';‘ 0 {
‘0’0‘\ ‘,

A
‘A/

'u

Ak
‘ ' R A'N“‘ ’:" )
' “‘“ 0,§ ‘\m

T = 2140 usec
T = 130 usec

. - —
1
|
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b Bx1Bx2
N

T = 2140 usec
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Fig. 6. Stereoscopic view of the cross-spectral tensor components {B,,B,;),..s,, of magnetic field fluctuations. The data are taken
at { = 21.4 ys during reconnection with t = 1.3 us time delay between the two probe signals, each filtered at w/2r =1 MHz. A
two-dimensional spatial mode spectrum is observed. See appendix for viewing stereo pictures.
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other frequencies in the range investigated
(100 kHz < f < 1 MHz). The characteristic electro-
magnetic modes in this frequency band are the
whistler waves [26]. These modes are not only
dispersive (w/k # const.) but also anisotropic, i.e.,
at a given w the wave number & depends on the
direction of wave propagation with respect to the
magnetic field [k = k(0)). From our cross-spectral
measurements we can obtain the wavenumber
spectrum by a spatial Fourier transformation from
r-space into k-space. Since the time and space
dependence is recorded the complex fast Fourier
transform yields both magnitude and direction of
k. Using the data from two orthogonal planes
(x-y, x-z) we have constructed the three-
dimensional wave vector spectrum from the two
projections in the k,—k, and k k. planes.

An example of such data analysis is shown in fig.
7. It is a stereoscopic display of the dominant
modes of {B,,B,,),, in the full three-dimensional k
space. The relative intensity of the modes is pro-
portional to the dot size. A more detailed ampli-
tude profile is provided by contour plots in the two
orthogonal planes. In order to compare the mea-
surements with theory we also display the wave
vector surfaces +kg calculated from the dis-

Three Dimensional k Spectra

L bxibz2

® e S |

persion relation for whistlers [26]

(’E)z P S ©)
w w(w — @, cos 8)

where @/2n = 1 MHz, electron plasma frequency
w,/2n = 20 GHz, and cyclotron frequency
w,/2rn = 28 MHz are typical experimental parame-
ters. One can see that the unstable modes fall close
so the theoretical refractive index (kc/w) surface
for whistlers. An exact fit cannot be expected due
to magnetic field and density inhomogeneities.

Besides the dispersion properties we have also
investigated the polarization of the unstable
modes. Theory predicts that the magnetic field of
whistler waves has a right hand circular polar-
ization [26]). By applying a digital filter to the
measured k vector spectrum we select one mode at
a time, inverse Fourier transform it, and inspect its
space-time dependence (4r, 7). This procedure is
applied to the two tensor components {B,,B,>
and (B, B> which have two orthogonal com-
ponents of vector B, correlated with the same
reference signal B,,. A display of (B,B,,) versus ©
at a given Ar (or vice versa) provides a hodogram
which reveals the polarization.

N W'r!‘hree D;ﬁlenslonal k Spectra

Fig. 7. Three-dimensional wavevector space (k,, k,, k,) with measured modes of the cross-spectral function {8, B.,) and the theoretical
dispersion surfaces + kg, for whistler waves (w/2z = 1 MHz, 0,/21 = 28 MHz, w,/2x = 20 GHz). Vertical axis k, is along average B,,,
origin k =0 is indicated by square dot. The mode intensity is proportional to the dot size, the mode location & is constructed from 1
measurements of (B,,B,,) in two orthogonal spatial planes, Fourier transformed into k planes and presented as contour plots adjacent

to the & space. The observations indicate that the magnetic turbulence consists of oblique whistler modes. See appendix for viewing

stereo pictures.
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Fig. 8 is a stereoscopic view of the hodogram
{B,B,) vs. t for a mode propagating nearly along
the average magnetic field. The helical trajectory
indicates that the mode is essentially right-hand
circularly polarized. However, for long delay times
(t = 3 us) phase mixing due to the finite filter
bandwidth (Aw/w = 10~") tends to randomize the
polarizations. For modes propagating at an angle
to the magnetic field we first transform the wave
B-field into a plane normal to k (k - B =0) and
then inspect the polarization. Most modes which
fall close to the dispersion surface are right-hand
polarized.

Thus, from both the dispersion and polarization
properties the eigenmodes which make up the
magnetic field fluctuations are found to be whistler
waves.

We will next investigate the cause for the in-
stability of whistler waves. According to theo-
retical models, anisotropies in the electron velocity
distribution can lead to whistler instabilities [27].

4. Distribution functions

The distribution of particles in velocity space v,
real space r, and time ¢, f(v,,r, t), provides the
fundamental description of plasmas on a mic-

R.L. Stenzel and W. Gekelman | Magnetic field-line reconnection in plasmas

roscopic level. All macroscopic plasma properties
can be derived from it by forming moments, i.e.,
averages over the velocity distribution. Kinetic
theories and numerical particle simulations all
depend on the knowledge of the distribution func-
tion. In spite of the theoretical significance of this
function there arc, surprisingly, few experimental
observations of, e.g., electron distributions in labo-
ratory plasmas. In order to measure /' (v) a velocity
analyzer with directional sensitivity is required.
Such detectors are available for low density, high
energy particles in space [28] but have only recently
been developed for denser laboratory plasmas
{26, 29).

Our electron detector consists of a small (3 mm
radius) retarding potential velocity analyzer whose
directional sensitivity (402 ~4n x 10~ sterad)
arises from filtering electrons through a micro-
channel plate. It can be rotated through the two
spherical angles (0 <0 <=#, 0< ¢ <2r) so as to
collect electrons from any direction in velocity
space. The three-dimensional distribution function
f(v, 0, ¢) is assembled from individual flux mea-
surements at typically 200 different directions 0, ¢.
Furthermore, at each angular position the experi-
ment is repeated N times so as to form the ensem-
ble average (/) and standard deviation f,,,,, anal-
ogous to the case of the magnetic field

" CSF v Delay Time
IMHz

Ax= 500 cm
Ay= 101 em
¢=

TSF vs Deley Time

1MHz 5

Ax= 500 em i
Ay= 101 ecm 2
e= 094 P~

o=

® T = 3320

Fig. 8. Polarization properties of a single (w, k) mode of the magnetic turbulence spectrum. With increasing delay time t the
correlation vector (By, B,;) rotates initially in a right-hand circular sense as expected for whistler waves (w/2n=1 MHz). See

appendix for viewing stereo pictures.
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Fig. 12.  Comparison between the average distribution function and its fluctuations in the neutral sheet.
Upper panel: Logarithmic display of the average value <f{v}, v,)> and two one-dimensional cuts
along vy = v, axisand v, = v axis. Note tail of runaway electrons. [{0,0) = 10 4 cm ¢ s, reference
plancat f=10 !7 cm 6 53]

Middle level: Contours of constant average log<f{v|. v;)> (3 dB contour spacing).
Bottom level: Contours of root-mean-square fluctuations log fyms( V)|, v1) =const. (3 dB per contour,

Sems max/ <fmax>>2220%). Note large fluctuations in regions of runaway electron tails. [0<] i JEAS
6% 108 cm/s.)
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measurements [see egs. (1), (2)]. Besides the veloc-
ity space dependence we also measure the real
space dependence by moving the analyzer to vari-
ous positions in the neutral sheet. The mea-
surements are also time resolved to within
4t =3 ps, the time required to sweep out the
current-voltage characteristics. The data pro-
cessing for a function of up to seven variables is
made possible only through the use of high speed
computers with large memory.

Fig. 9 presents measurements of the electron
distribution function in velocity space. In two
dimensions the distribution f(v,,v,) can either be
displayed topographically (fig. 9a) or as a contour
plot (fig. 9b). In three-dimensional velocity space a
display analogous to fig. 9a cannot be visualized
but we can extend fig. 9b and plot surfaces of
constant f(v) as done in fig. 9c. The maximum
value f,,, & 107" cm~°s® generates a surface near
the origin. Decreasing values of f(v) produce
nested surfaces of expanding radius in velocity
space, three of which are shown in fig. 9c where the
outer surfaces are cut open for purpose of display.
Using time as the variable f we have displayed the
continuous variation 0 <f <f,,, in a computer
generated movie.

Anisotropic distribution functions exhibit non-
spherical surfaces of f (v) = const. Fig. 10 shows a
stereoscopic view of a surface near the tail of the
distribution. We choose to display v*f (v) = const.
rather than f(v) = const. to stress the importance
of a secemingly small tail (see fig. 9) on the moments
of f(v). The quartity displayed is the kernel for the
zeroth moment, i.e., the density

2xr

n, = ff(v) do = ‘”‘J‘v’f(v, 8, ¢)dv sin 6 d6 do .
000
(6)

Higher moments such as those leading to the
current density j={of(v)do, mean energy
E={im’f(v)de, and heat flow g¢=
§ 4mvof (v) dr involve progressively higher powers
of v which puts a strong weight on the fast tail
electrons. For example, integration over the distri-
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(a) fv)

sx109 [

-6 0 6x109
Vir (cm/s)

Fig. 9. Measured electron distribution function in the neutral
sheet. (a) Linear display of f(v),5,); foe = 10~ cm=-%s’. (b)
Contour plot f (vp v,) = const.; Af/ fp,, = 105 per contour. (c)
Distribution function in three-dimensional velocity space dis-
played as surfaces of f(v,, v,. v,) = const. Outer surfaces are cut
for purpose of display. Continuous variation of 0 < J < fnax has
been displayed in a motion picture.
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Fig. 10. Stereoscopic display of a surface v2f(v) = const (50 cm ~* s) in three-dimensional velocity space. The distortion on the left-
hand side reflects an anisotropy caused by runaway electrons in the electric field E,| B, of the current sheet. v.-axis along maximum
protrusion to the left (180° rotation with respect to fig. 9¢c). See appendix for viewing stereo pictures.

bution function of fig. 9 reveals that the asym- nection. The tail of high energy (50-100 eV) elec-
metric tail electrons have a relative density trons is thought to arise from the free acceleration
n/n .~ 10%, energy E/E ~22%, 6 and are re- of essentially collisionless tail electrons by the
sponsible for the current and heat flow in the electric field E, along B,,. Outside the neutral sheet
plasma which is at a small angle (46 = 15°) with the transverse components (B,, B, # 0) prevent the

respect to the local magnetic field. free acceleration. This is clearly visible in fig. 11b
The distribution of figs. 9 and 10 are observed in which displays distribution functions, log f (v,, v,),
the middle of the neutral sheet during recon- at two different positions (x, z) pointed out by
fa)
125

[156

() Fey it
ph»EgN i rrﬁiq
Jn'ﬁ Nl W Hh
il I
I JHJ#TT ’ u#r~j. N
_ HTITN 8 H
10"} hill L_\\ 640 i il
F AN /WLH
I | Wk v, / ‘J
(ensect) “,w,iﬂ[ F o T oY Wﬂm J
Ml gy il
AN | LHT
o e il N
- 41 PJ J\ | I y u.&
HHHTHI HHTHHNNG TN
107 T PHTHTT HH AR }l“‘ﬁ%‘“‘“"@
-6x108 0 6x108 0 &0®
-V {em/sec) vy fcm/sec)

Fig. 11. Spatial variation of the distribution function in the neutral sheet. (a) Magnetic field topology with locations where f(v) was
measured. (b} Electron distribution f (¢v,, v,) on a logarithmic scale with reference plane three orders of magnitude below the maximum.
Note the presence of an energetic electron tail in the middle of the neutral sheet and absence of runaway electrons at the sheet edge.
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arrows in the simultaneously measured magnetic

field map B, (x, z) of fig. 11a. It is interesting to
note that the bulk electron temperature is higher at
the side of the neutral sheet than in the middle
where the energy is transferred to runaway elec-
trons.

The presence of runaway electron tails in a
current carrying plasma can give rise to various
kinetic instabilities. For example, the emission of
plasma waves and lower hybrid waves in low
density tokamak discharges is well known [30].
Auroral kilometric radiation is associated with
energetic electron precipitation [31]. Oblique whis-
tler waves can be excited by parallel beams [32].
Here, we are particularly interested in low fre-
quency electromagnetic  instabilities (0.1 <
/<1 MHz) in order to establish the relation with
the observed unstable whistler modes. Whistler
instabilities arise from wave-particle interactions
by cyclotron resonance [(@ — nw.)/kj~ v and
Cerenkov resonance [w/k; =vj] [33]. We have,
therefore, investigated low frequency fluctuations
in the distribution function in the velocity regime
satisfying wave—particle resonance.

Fig. 12 (color plate) displays in the bottom plane
[(v}, v,) = (v,, v,)] the rms fluctuations of the elec-
tron distribution, given by

o) = {5 Z 170 = S ODF} m

The average distribution, S) =
(1/N)ZX, fi(v), is shown for comparison as a
contour plot in the middle plane and topo-
graphically in the upper plane. The distributions
are displayed on a logarithmic scale so as to obtain
a wide dynamic range in f(¢) (1000:1, 3dB per
contour, frmma/<f(0)) = 0.2). The observations
show that near the runaway electron tail of { f(v))
the fluctuation level is enhanced as expected from
kinetic instability theories. The characteristic ve-
locity of the tail particles is vy~ 3.5 x 10°cm/s
close to the fundamental (n = 1) cyclotron reso-
nance (w./kj=~ 4 x 10*cm/s). Neither the second
resonance (n =2) nor the Cerenkov resonance
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(n=0, w/kyx1.5x10"cm/s) involves a sig-
nificant number of resonant particles. Thus, it
appears that the tail electrons excite whistlers by
cyclotron resonance. This plausible model awaits a
final proof, i.e., the cross correlation between
particle and wave fluctuations, {4f68).

5. Discussion and conclusion

In the present experiment the classical recon-
nection problem has been investigated. Because of
a well-controlled laboratory plasma, refined
plasma diagnostics and the power of digital data
processing we could extract information previously
not available. We found that, to first order, the
magnetic field topology and fluid flow are estab-
lished in accord with theory. However, mea-
surements of the resistivity and fluid acceleration
showed orders of magnitude discrepancies with
classical fluid parameters [12, 13). A study of the
microscopic processes such as fluctuations and
distributions has been undertaken. The electron
distribution in the current sheet is found to be
anisotropic due to a tail of runaway electrons. This
is a very important result since it shows that MHD
theories break down in the neutral sheet. For
example, the resistivity now is determined by the
collisionality of the runaway electrons rather than
the bulk electron temperature. The resistivity may
become spatially very inhomogeneous due to
changes in the distribution function.

Runaway electrons are a source of various mi-
croinstabilities one of which has been analyzed in
great detail. The magnetic fluctuations have been
identified from their dispersion and polarization to
consist of a broad spectrum of whistler modes. The
growth of the wave spectrum modifies, in turn, the
electron distribution. The tail electrons lose some
of their energy and momentum to the waves which
results in an effective resistivity for the plasma
current. The background electrons acquire energy
through wave absorption which saturates the in-
stabilities [34]. Ions are coupled to electrons by
space charge electric fields.
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Thus, the energy transfer during reconnection in
collisionless plasmas involves various nonlinear
wave-particle processes which cannot be analyzed
in the framework of fluid theory. Refined experi-
ments are necessary to clarify these “anomalous”
transport processes.
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Appendix A

In order to view figs. 48 and 10 stereo-
scopically, a simple viewing device is helpful. It
consists of two identical lenses of focal length
S = 15cm and diameter d =~ 2.5 cm, mounted ap-
prox. 7cm apart and held about 10-15cm sym-
metrically above the figure. A divider between the
two figures and lenses may be helpful in separating
the two images.

A commerically made inexpensive viewer has
been purchased by the authors from the Taylor
Merchant Corporation, 212 W. 35th Street, New
York, N.Y. 10001 (Stereopticon Model 707).
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Magnetic Field Line Reconnection Experiments
6. Magnetic Turbulence

W. GEKELMAN AND R. L. STENZEL

Department of Physics, University of Califormia, Los Angeles

Extensive statistical analysis of the vector components of fluctuating magnetic fields have been per-
formed in a time dependent neutral magnetic sheet. Cross spectral analysis indicates a variety of wave
numbers present for each frequency investigated. Comparison of Fourier components of the cross spec-
tral function with dispersion surfaces in k space demonstrates the waves are large amplitude whistiers;
this is verified by polarization analysis, which shows the random waves' magnetic fields to be right-hand
circular. Ion acoustic and Langmuir turbulence are also observed along with bursts of microwave
radiation. Measurements of the electron distribution function f(v, r, ¢} and its fluctuations in velocity

space relate wave and particle activity.

INTRODUCTION

Fluctuations are a pervasive property of any active medium.
Noise that may be considered to be a superposition of many
waves has been long observed in both laboratory and space
plasmas. When free energy is available, as in a non-
Maxwellian particle distribution, wave amplitudes can grow
and turbulence ensues.

Magnetic fluctuations have been observed by satellites in
the plasma sheet and its boundary layer [McFerron, 1979]
and in the magnetopause [Sonnerup, 1976; Russell and Elphic,
1978; Gurnett et al., 1979a; Anderson et al., 1982). “Lion
roars” or intense bursts of electromagnetic radiation have
been explored in the magnetosheath [ Tsurutani et al., 1982;
Sudan and Denavit, 1973] and have been identified as whistler
waves [Smith and Tsurutani, 1976]. In addition, whistlers have
been observed in the bow shock [Coroniti et al., 1982]. Satel-
lites have detected fluctuating magnetic fields in the mag-
netosphere [Russell et al, 1972]. The Voyager 1 spacecraft
data established the presence of whistler waves in the Jovian
magnetosphere [Scarf and Gurnett, 1977]. These waves may be
caused by a powerful perturbation such as a lightning stroke
[Gurnett et al, 1979b] or by an anisotropy in the electron
distribution function [Sentman et al., 1983]. The underlying
physics of whistler waves has been treated in the classical
works of Storey [1953] and Helliwell [1965].

The electron distribution function in a current carrying
plasma may often develop into non-Maxwellian; such a
plasma is subject to a variety of instabilities [Kadomtsev,
1965]. The ion acoustic instability and ion sound turbulence
has been extensively investigated in the laboratory (Gekelman
and Stenzel, 1978, and references therein] and observed in the
solar wind [Gurnett and Frank, 1978].

In this paper we wish to report observations of these insta-
bilities as well as Langmuir turbulence in a magnetic field line
reconnection experiment containing a neutral sheet. Although
these waves are not unique to the present magnetic field topol-
ogy, they are a natural consequence of the currents along the
neutral sheet and the anisotropic distribution functions
therein. These, in turn, are in part due to the sheared magnetic
fields. Once these waves become unstable their feedback onto

Copyright 1984 by the American Geophysical Union.
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the reconnection event is quite important. Ion sound turbu-
lence can cause turbulent electron heating [Dum, 1978] and
dramatically raise the resistivity above the classical Spitzer
value in the reconnection region [Wild et al., 1981]. In these
experiments the Hall term (V x B) in Ohm’s law was mea-
sured and found to be negligible with respect to other terms.
An estimate of the inertial conductivity places it orders of
magnitude larger than that due to Coulomb oscillations. The
resistivity governs the reconnection rate [Vasyliunas, 1975;
Sonnerup, 1979]; in fact, without finite resistivity, the field
lines, in accord with Maxwell's equations, would pile up at the
separatrix and never reconnect at all. To simulate reconnec-
tion on computers, ad hoc resistivities are introduced {Sato
and Hasegawa, 1982] and are required for theoretical tearing
mode calculations [ Furth et al., 1963).

The fluctuating magnetic fields associated with the turbu-
lent whistiers affect the electron orbits. Although the ions near
the neutral sheet are essentially unmagnetized, they are cou-
pled to the electrons through space charge fields such that the
ion collision rate may become anomalously high [Stenzel and
Gekelman, 1981a]).

In a controlied laboratory experiment it is possible to study
the structure of the magnetic and electrostatic turbulence in
great detail. The variety of things happening simultaneously in
a turbulent plasma implies that an overwhelming amount of
data must be taken to sort them out. The introduction of
relatively inexpensive, fast computers has led to a quantum
jump in what is possible experimentally. Fully three-
dimensional measurements of the electron velocity distri-
bution have been performed [Stenzel et al., 1983a] and will be
discussed here and in a forthcoming paper in this journal. We
point out that spacecr~ft measuring wave activity detect the
waves at a Doppler shifted frequency owing to a combination
of their motion and possible fluid drifts relative to the earth.
Single probes take data at one spatial focation and cannot
determine the wave number spectra from correlation analyses
such as those reported in this work.

The present reconnection experiment has already shown de-
tailed diagnostics of the space time evolution of the magnetic
fields [Stenzel and Gekelman, 1981b), the plasma parameters
[Gekelman and Stenzel, 1981}, the fluid dynamics [Gekelman et
al., 1982a], the energy flow [Stenzel et al., 1982], and current
disruptions with double layer formations [Stenzel et al,
1983b]. These will be referred to throughout the text as JGR
parts 1-5. An overall review of these experiments is given in a
recent issue of Physica Scripta (Gekelman et al., 19825).
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Fig. 1. Schematic view of the experimental device. (@) Cross-sectional view with transverse magnetic field line pattern
in vacuum. (b) Side view with characteristic fields and currents. Note that the axis of the device is in the y direction while
the transverse coordinates are x, z, as customary in magnetospheric physics.

EXPERIMENTAL ARRANGEMENT

The reconnection experiments are performed in a cylindrical
vacuum chamber (1.5-m diameter, 2-m length) in which a low
pressure (p < 10™* torr, A, H,, He) discharge is produced with
a 1-m diameter oxide-coated cathode (Figure 1). The emission
properties of such special cathodes [Stenze! and Daley, 1980]
provide a high-quality laboratory plasma of the foflowing
properties: Uniformity over large scale lengths (An/n =~ 10%
over 80 cm across By, 180 cm along B,), nearly collisionless,
high beta parameters (density n, = 10'* cm ™3, temperature
kT, ~ 10 eV, electron-ion mean free path /,; >~ 200 cm, axial
magnetic field By > 12 G, § = nkT(B*/2u,) ~ 2), high repeti-
tion rate (t,., >~ 2 s), and good reproducibility (dn/n < 5%) of
the pulsed discharge (V4, ~40 V, [, >~ 1500 A, t4, >~ S ms).
The discharge pulse length is more than sufficient to reach
steady-state plasma conditions, at which time the reconnec-
tion experiment is initiated. This involves establishing a trans-
verse magnetic field B, = (B,, B,) with a null point. Ncte that
we have adopted x, y, z coordinates commonly used for the
magnetotail where the y direction is along the separator, x is
along the neutral sheet, and z is normal to it. A large sinu-
soidal current pulse (I, >~ 20 kA, rise time ¢, =~ 100 us) is
drawn axially through two parallel aluminum plates (75 cm
wide, 33 cm spacing, 180 cm length) located on top and
bottom of the plasma column. The plates are insulated from
the plasma, which is confined to the spacc between them.
Axial and average transverse magnetic fields are of com-
parable strength.

The transverse magnetic field geometry in vacuum is shown
schematically in the cross sectional view of the device (Figure
1a). Without plasma there is an X type neutral point on the
axis of the device. However, with plasma, axial plasma cur-
rents are induced (/, 2 1000 A) that modify the magnetic field
topology. The self-consistent current distribution and field to-
pology can result in the formation of a classical neutral sheet
[Dungey, 1958]. The plasma current driven by inductive and
space charge electric fields (E = —~A — V¢,) is mainly carried
by the electrons. During the initial phase of external current
rise (dI,/dt > 0, 0 <t < 100 us) the electrons drift from the
cathode toward the end anode. The current closes via the
grounded chamber walis to the cathode. No net current flows
to the insulated plates or to the radial chamber walls which
are well separated from the plasma column.

The cathode emits as many electrons as are collected at the
end plate so as to maintain approximate space charge neu-
trality prior to the reconnection event. However, as the ap-
plied inductive electric field (4 < 0.5 V/cm) can exceed the
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classical runaway field [Dreicer, 1959] (E, =~ m,v v /e ~ 0.1
V/cm, where v,? = 2kT,/m,) and since the space charge limit-
ed emission [Langmuir, 1929] does not provide for current
densities j 2 nev, the plasma sets up an axial space charge
electric field — V¢, opposite to the induced field. This shield-
ing effect limits the electron drift to v, < v,, at least on the
average over the entire plasma cross section. However, by
decreasing the plasma density, the space charge contribution
may be substantially lessened.

The evaluation of statistical quantities such as rms field
fluctuations and correlation tensors is made possibie through
a data acquisition system and processor. The wave forms are
digitized by fast (Transiac 100 MHz, LeCroy 20 MHz) analog
to digital (A/D) converters that are controlled by an LSI 11/23
computer. The computer also drives stepping motors that
position probes within the device. The computer is too slow to
perform the necessary arithmetic such as fast Fourier trans-
forms, digital filtering, and correlations during the 1.5 s be-
tween shots. An array processor (CSPI Map 200), therefore,
has been interfaced to the computer. Upon performing all the
calculations, the MAP places the results in the core of the LSI
11; it is subsequently placed on disc. Upon completion of a
data run the final data set is shipped via a direct link to large
(Cray, CDC 7600) offsite computers.

Previous EXPERIMENTAL RESULTS

Before addressing ourselves to fluctuations it is helpful to
review the average magnetic field topology (part 1) as well as
other macroscopic properties. Plate 1 is a sterco slide pair that
should be examined with a proper viewer. (Note: Plates 1-3,
Plates 5 and 6, and Figure 15 are best viewed in three dimen-
sions because of the complexity of the data. This may be
accomplished with a viewer available through the Taylor Mer-
chant Corporation, 212 W. 35 Street, New York, New York
10001 (Stereopticon 707). One may be constructed out of two
14-cm focal length, 2.5-cm diameter lenses and cardboard. The
lens centers should be placed 7 cm apart and 13.5 cm above
the page, with a cardboard divider midway between them.
Color reprints of this article and viewers are available for
$4.50 U.S, in care of the authors at Department of Physics,
University of California, Los Angeles, 405 Hilgard Avenue,
Los Angeles, California 90024.)

The vector potential has an axial component A, = j' B,dx
~ | B,dz, 8/dy ~ 0, which is calculated from the transverse
components of the magnetic field and displayed on the lower
x-z plane. Small (1 cm in diameter) orthogonal magnetic loops
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< 8y
(b) 1 shot

x=4cm,z=-4cm

(c) 3shots

(d) 4shots x=10¢m, z=-4cm

Fig. 2. (a) Schematic view of recording the magnetic field versus
time in form of a hodogram. () Single shot hodogram taken near the
neutral sheet identifies the fluctuations as loops, ie., a rotating field
component associated with hydromagnetic waves. (c) Superposition of
three hodograms taken at same position as (b) shows dominance of
magnetic fluctuations. (d) Superposition of four hodograms when
probe is removed from neutral sheet region. He 3 x 10™* torr, B, =
20G,y=0.
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detect the changing B field, which is recorded at each of 300
spatial locations (x, z) as a function of time (1024 time steps,
At = 100 ns) and averaged over an ensemble of 25 shots. One
sees that a classical neutral sheet topology, associated with an
axial current sheet, J, = (V x B )/u,, has been formed.

Superimposed upon the transverse magnetic field is a con-
stant axial bias field (B, = 12 G) such that the total magnetic
field is sheared. This is illustrated as a three-dimensional
vector field B(x, y, z) = B, + B, in Plate 1. For clarity, only a
fraction of the vectors are plotted. In the center of the neutra!
sheet the vectors are vertical since the transverse component
of B vanishes, and at the boundaries (z = + 12 cm) the vectors
are inclined at 45° since B, ~ B,

From rapidly swept planar Langmuir probe traces analyzed
with our digital data acquisition system, the ensemble
averaged density and electron temperatures are mapped as a
function of space and time (part 2). The electron temperature
increases strongly but nonuniformly during the reconnection
process, ranging from T, =~ 5 eV in the center of the neutral
sheet to T, ~ 15 ¢V in argon (30 eV in helium) near the hori-
zontal edges of the neutral sheet. A density minimum develops
in the center of the neutral sheet (n, < 10'?/cm?®) and maxima
{n, = 2 x 10'2/cm?) near horizontal edges of the neutral sheet.
By combining density and temperature to form the plasma
pressure we found that the forces on the fluid are not in bal-
ance (J x B — Vp # 0). This leads to an acceleration and jet-
ting of fluid from the neutral sheet. The resulting flow fields
were measured with differential ion velocity analyzers (part 3)
and found to be highly turbulent in space and time during the
first 30 us of the experiment when the induced electric field is
large. When the turbulence level has decreased (the neutral
sheet topology is present throughout this time) the classical
J x B flow establishes itself with inflow velocities v, ~ 0.2 v,
and outflow velocities v, >~ 0.5 ¢, where v, is the local Alfvén
speed based on the total magnetic field. From the measured
fluid flow, pressure, fields, and currents we have quantitatively
obtained the phenomenological scattering term Af = mnv*v in

HISTOGRAMS

White Noise

Ensemble Number 2000
pix" >99%
Fig. 3. Histograms, which compare the number of occurrences of a fluctuation as a function of its amplitude, are

displayed for the magnetic field B,, and white noise using an ensemble of 2000 events. Both variables may be fit to the
superimposed Gaussian distributions with 99% confidence.
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the fluid equation

dv
mn—=(J x B-Vp) - Af )
dt

The components of the collision tensor v* were evaluated
and found to be large within the neutral sheet during times of
turbulent flow and subsequently vanish.

MAGNETIC FIELD FLUCTUATIONS

Although the initial plasma parameters and applied cur-
rents are highly reproducible from shot to shot, we observe
magnetic field fluctuations inside the plasma. Figure 2 shows a
magnetic field hodogram, i.e., the trajectory of the vector tip
B, versus time during a 180-us time interval. Just as in a
satellite measurement, the hodogram is taken at a single spa-
tial position that, in Figures 2b and 2c, is within the neutral
sheet where the noise is largest. The fluctuations manifest
themselves, in part, as small loops in the vector plot (Figure
2b). These can be interpreted as a rapidly rotating magnetic
field component associated with a wave. The random nature
of these waves is evident in Figure 2¢, which has hodograms
from three repeated events superimposed. At this location the
fluctuations are comparable to the average value of B, . If the
probe is removed from the neutral sheet (Figure 2d) the irre-
producible segment of the hodogram collapses. From Figures
2b and 2¢ one can estimate the fluctuating magnetic field to be
of order 1-2 G and, therefore, 6B/Bygra = 10-20%.

The spatial properties of the fluctuations within one shot
cannot be explored with a single probe. Correlation functions
that require taking a large number of shots at many positions
necessitate the use of a digital data acquisition system. For
example, we have recorded 25 shots of B(t) at each of 300

AUTOCORRELATION V.S. ¢ SHOTS

a)

N=
10

b)

2%

c)
Ns
(1]

—————aT * 256 ysec—m——

Fig. 4 The autocorelation function for digitally filtered (Q = 6)
white noise as a function of N, the number of shots in an ensemble.
As N — o, the 373-kHz correlation signai should decay to 1/e in six
periods. An 80-member ensemble chosen experimentally always
guaranteed convergence.
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CORRELATION MEASUREMENTS

FIXED PROBE NOVABLE PROBE

t = 27usec / y (cm)

L L L .

Fig. 5. Schematic of probe arrangement for correlation measure-
ments. A fixed reference probe is located in the x, z plane at y = 0 cm.
A second probe is mounted to move in the x-z plane (x > x4
y=0, —12 cm £z <12 cm) or in the x, y plane (x > Xgy e, —26
om < y < +26 cm, z = 0). For reference a linear vector plot of B, is
placed in the x, z, y =0 cm plane. He 3 x 107* torr, B, = 20 G,
t = 27 us. The current carrying sheets are located at z = + 16 cm. The
cathode is located at y = —137cm.

positions and calculated on-line both the ensemble mean
values of the field magnitude (B, ), direction <{8) and the root
mean square values B, and 0,,. The rms fluctuation or
autocorrelation that contains all frequencies within the probe
and amplifier bandwidth (1 kHz <f< 2 MHz) maximizes
within the neutral sheet, which is also the location of large
current density. These are of order B,,,/{B,) ~ 1. The spatial
extent of the magnetic waves is frequency dependent; for 1
MHz the disturbance fills the entire transverse plane.

NONSTATIONARY TURBULENCE

Since the magnetic turbulence affects the particle motion
and ultimately the transport properties, detailed studies of it
have been undertaken. The analysis involves measurements of
cross correlation functions. If the time averaged mean value of
a fluctuating magnetic field {B(t)) is independent of the choice
of the averaging interval, the random variable B(r) is station-
ary. In this case the correlation function may be calculated
from a sufficiently long temporal record of each field compo-
nent. If a single damped mode is a part of the random vari-
able, there exists a technique developed by Matthaeus and
Goldstein [1982] that subtracts this mode and treats the re-
mainder as stationary noise. A process is called weakly non-
stationary when the mean values of B(x, y, z) change slowly in
comparison with the fluctuation frequencies as the neutral
sheet is formed. For nonstationary processes the statistical
properties such as correlation functions must be calculated
from ensembles of random events that we establish by repeat-
ing the experiment under identical initial conditions.

Each component of the fluctuating magnetic field is a
random variable whose probability distribution should ap-
proach a Gaussian with increasing number of events [Loeve,
1960]. This basic property has been verified by generating a
histogram of B,, taken by a probe in the center of the neutral
sheet, shown in Figure 3¢, for an ensemble of 2000 events.
Superimposed on the data is a Gaussian distribution with the
same mean and standard deviation. A chi square test [ Taylor,
1982} indicates the distribution of B, to be normal with a
99% probability. Shown in the adjacent Figure 3b is the result
using white noise as the input signal, which is essentially iden-
tical to that of B,.

In evaluating the correlation functions, one must determine
how many events constitute an adequate ensemble. The result
determines the data acquisition time and required computer
memory.
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<Bx1Bx2>

y—cm
-40 00

y-cm
.0 -120-80

~120-80 -40 00

(1)
—

y-cm
4“0 8o

-120-80 -40 00

y-cm

-120-80 -40 00

-195 -130 . 3 . . 280

Fig. 6. Contours of a component {(B,,B,,> of the CSF tensor
(f = 1 MHz) at four delay times t in us with respect to the measure-
ment ¢ = 33.2 us into the reconnection event. The peaks oscillate at
the wave frequency but do not propagate, which is characteristic of a
standing wave. The average wavelength is of order 10 cm. The lo-
cations of the peaks referred to in the text 4 = A(x, y) = A(—22.2,
4.3), B =(00,3.3),C =(25, —5.9).

This was approached heuristically by a convergence test.
Output from a white noise generator (20 kHz < f< 1 MHz)
was fed into the 20-MHz analog to digital converters and
digitally filtered [Liu, 1975] in the same way as the magnetic
fluctuations. The quality factor Q = w/Aw of a filter deter-
mines the number of periods it rings during an e folding decay
time in response to a pulsed input. The normalized auto-
correlation function is given by

1 N
N ‘_[,l CAto)Colto + 1)

1 N 1 N 172 (
{[ﬁ ngl C, z(‘o)] [ﬁ .§‘ C.to + T)]}

where C(t, + 1) is a signal with no mean values, measured at

R(t) =

2)

delay time 7 with respect to the start of measurement and N is
the number of records of the ensemble. For delay times
> Q(2rn/w) and the ensemble numbers large enough for
phase mixing to occur the correlation decays, Rit)— 0. This is
illustrated in Figure 4, where the autocorrelation is displayed
for three ensemble sizes. The input signal is white noise digi-
tally filtered at 373 kHz with Q = 6. R(0) is one as expected
but only for N > SO R(z) decays properly. It was therefore
decided to use an 80 shot ensemble for the cross spectral
analysis since this represented an upper limit on the computer
memory for storage of four components and seemed to con-
verge well.

Cross SPECTRAL FUNCTION ANALYSIS

Assuming the noise to be composed of a large number of
randomly generated waves, a correlation analysis is performed
in order to identify modes from their dispersion relation w(k)
and polarization properties.

Two identical probe sets are used to measure the vector
components of B (r, t) at two different positions r. During
each reconnection event the signals are digitized by four
20-MHz analog to digital converters, then fast Fourier trans-
formed (FFT) and digitally filtered by the on-line array pro-
cessor (MAP200). An inverse FFT is done to generate the time
history of the filtered signals in the frequcncy band of interest.
Eighty consecutive shots are stored in the MAP memory, and
the following operations are performed on the signals filtered
at frequency w with a filter ¢ = 10

Bl'.m.l(t) = Bi‘w.nwl(l) - <Bi.w(t)> (3)

where i = x, z denotes the vector component, B,'™ is the total
field measured during the nth shot, and (B,> = (1/N) Y.,
B,' is the average field at a time t. As discussed in the
previous section, an ensemble number N = 80 is sufficiently
large for a convergence of the mean values.

The cross-spectral function for nonstationary fluctuations
[Bendat and Piersol, 1971] calculated on-line is given by

1 80
{B;;B;3).(Ar, t, 1} = 0 Y By ,r OBj; poff + Ar, t + 1)
n=1

@

Here 1 and 2 refer to the two probe sets. The correlation is
large if in moving from the fixed probe 2 over distance Ar a
signal arrives after time 7 in (or 180° out of) phase at probe 1.
If there is a decay of the signal strength, a rotation of the field
vector, or a loss of coherence with Ar and z, the correlation
will die out.

The cross-spectral function (CSF) may be normalized in the
form

{ByBj;)Ar, t, 1, w)
(Bn.mz(f, t»”z(sz,mz(r + Ar, t + 7))

(&)

so that it lies between p = +1. Since the two terms in the
denominator are stored separately, it is possible to evaluate
both the normalized and the unnormalized correlation func-
tions.

The normalized CSF magnifies the low level waves since the
denominator of (5) is proportional to B,,,., B; ., Which can be
misleading in estimating the spatial properties.

We point out that the filtered signal from a pickup loop is
proportional to B, where w is the center frequency of the

p,Ar, ¢, 1, ) =
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digital filter. The signals, therefore, were not integrated since
the common factor w drops out in (5) and is an overall multi-
plicative constant for the unnormalized CSF (equation (4)).

As observed with a single pickup loop, the fluctuations in
B, and B, are of comparable amplitude. The individual probes
are connected to isolation transformers and differential ampli-
fiers that exhibited slightly different responses at higher fre-
quencies such as 1 MHz. The magnitudes and delay time t of
the CSF were therefore corrected by a calibration magnetic
fieid set up by a test wave to be described below.

With two vector components for each probe the CSF be-
comes a tensor of rank 2, given by

Px1x2
P (P;xxz
The off-diagonal elements are large if over the displacement
(Ar, 7) an x component of the field rotates into the z direction
or vice versa. The trace describes the correlation of the field
strengths and converges for Ar = t = 0 to Tr (B,B,) = B,,,%.
The total number of on-line calculations to get p, at 300
spatial positions in a plane, 64 delay times 1, eight starting
times ¢ of intervals AT ~ 3.2 ps is staggering (>2 x 10°).
Nevertheless, we have measured p,, at several frequencies and
in two orthogonal planes.

The experimental layout for this measurement is shown in
Figure 5. A stationary reference probe is positioned at z = 0 in
a transverse plane located 137 cm from the cathode. Shown to
scale is a measured vector plot of the transverse magnetic
field. A second probe is free to move everywhere in either the
same transverse x-z plane or in the orthogonal x-y plane con-
taining the neutral sheet. Each probe shaft has two loops
oriented to measure B, and B,.

Plate 2 shows the cross-spectral intensity (B, ,B,,) at f = |
MHz in the horizontal x-y plane. The measurements were
insensitive to the absolute position of the fixed reference probe
2 within the neutral sheet. For all the data described here the
fixed probe is located at (x, y, z) = (—20 cm, 0, 0) to maximize
the area scanned. Note that the axis of the device goes
through the center of the plane of Figure 5. The cathode in
this coordinate system is at y= —137 cm. The three-
dimensional display in the upper part and its two-dimensional
projection as a contour map are taken at ¢t = 36.4 us after the
start of the reconnection pulse with signal B,, delayed by
1 = 1.3 us with respect to B,,. The observations, Plate 2, show
a wavelike pattern in the x-y plane. Variations in the delay

Pn:z) (6)

Pziz2

w Spectrum

0

0.5
w/2r  (MHz)

Fig. 7. Frequency spectra B,, during a single reconnection event
obtained from an on-line fast Fourier transform. The magnetic noise
extends to the limiting frequency of the detector f,,, ~ 2 MHz and is 2
factor of 10 above instrumental noise at 1 MHz. The lower hybrid
frequency is 200 kHz, f,, = 1 KHz, f,, = 28 MHz.
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<Bx1Bz2> Spectra
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Fig. 8. Wave number spectra obtained from a two-dimensional
spatial Fourier transform of the cross spectral function as shown in
Plate 2. In general, the data indicate a spread in k space even at a
single frequency component of the magnetic fluctuation spectrum and
are multimode in both the x-y and x-z planes. Two tensor compo-
nents {B,,B.,> and (B,,B,.) part (C) have a dominant mode in at
least one plane. This feature makes possible an unambiguous polar-
ization analysis of the mode. The spectra are normalized such that 0
< CSF(k) < 1 with 10% increments.

time indicate no preferred direction of wave propagation. The
other components of the tensor have similar spatial properties.
The fluctuations in B, and B, are of equal amplitude when
observed with a single pickup loop.

In the simplest case of a single wave number and frequency,
the expected pattern would be a succession of wave fronts
with a maximum amplitude at the reference probe location
[Gekelman and Stenzel, 1978]. If the wave propagation were
spatially isotropic, the pattern would appear like the ripples in
a pond after a pebble was dropped into it. Since the present
case is more complicated, we begin to make further inferences
about the waves by analyzing the CSF contours as a function
of delay time z.
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TEST WAVE k-SPECTRA
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Fig. 9. Wave number spectra of a test wave in the plane contain-
ing the axial magnetic field, B, = 10 G, and neutral sheet (z = 0),
generated from a two-dimensional spatial Fourier transform of the
CSF displayed in Plate 4a. A dominant broadband mode k, = 0.35
em~}, k, = —0.29 cm ™' propagates at 8 = tan~' k /k, = —40°. The
spectrum in the transverse, x-z plane is similar but centered at the
origin, k, = k, = 0, indicating no preferred direction of propagation.

Figure 6 is a contour map of the CSF tensor component
B, B., at 1 MHz versus t. The start time is 33.2 us into the
reconnection event. To aid the eye, three peaks labeled A, B,
and C have been singled out and are seen to diminish in
amplitude in the 100 ns between Figures 6a and 6b. Roughly a
quarter period after the sequence start (Figure 6¢), peak A has
entirely vanished; B and C are nearly gone. At approximately
a half cycle from the outset (Figure 6d) the peaks have re-
versed sign but none of them have moved spatially. The CSF
pattern has the characteristics of a standing wave, the inter-
ference of oppositely propagating modes at this frequency.
There is no preferred direction; on the average, waves travel
toward and away from the fixed probe with equal probability.
Measurement of the separation between adjacent minima and
maxima permits an estimate of the average wavelength,
{A> ~ 10 cm. Frequency and wavelength are typical for whis-
tler waves in the present parameter regime.

Since the digital filter in this experiment has a value @ = 10,
a significant amplitude decay of the CSF is not seen during
the 3-us delay time with respect to each start time . The
average amplitude of the CSF does, however, diminish as the
reconnection event progresses. All components are a factor of
2 smaller at ¢ = 50 us since the induced electric field and
neutral sheet current also decay in time.

Data taken in the x-z plane have a similar structure to
those of the x-y plane. In principle, a three-dimensional corre-
lation measurement in a volume of space would be required to
determine the true wave number. Because of the nearly iso-
tropic wave propagation two orthogonal planes are adequate.

At lower frequencies the wavelengths approach the system
boundary size. The set of data at w/2n = 500 kHz had a simi-
lar structure to that in Figure 6; however, the wavelengths
were longer and for w/2r = 200 kHz, which is just above the
average lower hybrid frequency, the CSF is largest in the neu-
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tral sheet region and appears to be a standing wave. To avoid
any complications due to bounded modes, most of the analy-
sis was focused on the highest frequency (1 MHz) mode.

WAVE NUMBER SPECTRA

The analysis of the spatial structure of the CSF does not
lead to a positive identification of the modes. Our study pro-
ceeds with a two-dimensional Fourier transformation of the
spatial distribution so as to obtain a wave number spectrum
{B;B;;> (k, 1) at a given frequency w. This information is
complementary to the frequency spectrum, a typical example
of which is shown for B, in Figure 7.

At each sample time ¢ the CSF is calculated for 64 delay
times 1 (At = 50 ns). There is sufficient temporal resolution so
as to calculate terms of the form ¢€®" ¢ =cos
(k - r — wr) + i sin (k - r — wr), from data points one quarter
period out of phase. Using a complex kernel in the two-
dimensional FFT enables the wave number spectrum to be
calculated in a plane without symmetry assumptions. The
two-dimensional wave number spectra of the tensor compo-
nents {B,,B,,) and (B,,B,,) are displayed in Figure 8. The
data in Figures 8a and 8¢ refer to the x-y plane, which con-
tains the axial guide field (B,, = 12 G) and runs along the
center of the neutral sheet (z = 0). This k spectrum is acquired
at t = 33.2 us into the reconnection event when the turbulence
is fully developed. The center axis of the grid corresponds to
k, = k, = 0. Since it is not possible to measure infinite wave-
lengths, the values on these axes correspond to averages taken
from those above and below. We point out that the intervals
along the abscissa and ordinate are not equal because the data
are taken on a rectangular grid (3.14 cm <[4, < 24 ¢m; 6.85
cm < }4,] < 50 cm in this display). The probes can resolve
structures of order 1 cm. The wave number spectrum obtained
from the x-y plane exhibits a dominant mode, as shown in
Figure 8¢ for {(B,,B,,).

The magnetic turbulence exhibits a broad range of « values
even at a single frequency w. In the frequency regime between
the lower hybrid and the electron cyclotron frequency (w4 <
0 < o, where o, y/2n ~ 0.1 MHz, 0 /27 ~ 28 MHz) oblique
whistler modes have the properties of exhibiting a broad range
of wave numbers depending upon the angle of wave propaga-
tion with respect to the magnetic field; they are right-hand
circularly polarized electromagnetic modes [Helliwell, 1965].

The data are still too complex for comparison with theory,
so that a further mode selection is required. The cross spectral
functions are filtered in k space. The dominant modes of the
CSF components are selected and individually examined after
an inverse Fourier transformation into coordinate space. Plate
3a displays in real space a single mode (4, = 48 cm, 4, = 5 cm)
of (B,,B,,> from a multinode spectrum not unlike those of
Figure 8. The function is sinusoidal with phase fronts nearly
parallel to B,,. As will be discussed below, the phase fronts
may be easily tracked as a function of t and the propagation
studied. If a second mode is included (Plate 3b) the inter-
ference becomes obvious, although the contour plots projected
below are still symmetric. For four modes (Plate 3c) the pat-
tern begins to approach that of Plate 2, and tracking the
motion of peaks as well as comparison with other tensor com-
ponents of the cross-spectral function becomes as arduous as
what was previously described. By transforming away all
modes save one, spatial randomness is lost although the prop-
agation direction, wavelength, and frequency are known with
certainty. We are now in a position to analyze the wave polar-
ization by comparing amplitudes and phase of two orthogonal
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Plate 1. A stereo pair that illustrates the sheared magnetic field B(x, y, z) = B (x, z) + B,,. The projection of the
three-dimensional field lines A4, is drawn in the x-: plane. The transverse magnetic neutral sheet within which B, = 0 is
clearly visible. He 3 x 10 *torr. B,, = 12G.

Plate 2. Stereo pair illustrating the wave pattern of the cross spectral func'ion at 1 MHz in the x-y plane (B = B,,,
= = 0). The complex pattern is due to the spatial interference of many oblique modes. The x and y axes have been shifted
by +24 and + 10cm in this display.
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Plate 3a

Plate 3b

Plate 3¢

Plate 3. Spatial variations of one or a few wave vector components of the cross-spectral function. These are selected
from the peaks of Figure 6 and inverse Fourier transformed. (a) Mode A with 2, = 48 cm, 4, = 5 cm. (b) Mode A and
mode B (4, = 10 cm, 4, = 12.5 cm). (c) Modes A, B, C (4, =83 cm, 4, = 10 cm), and D (4, = 7.14 cm, 4, = 5 cm). The

decomposition allows one to investigate the polarization of single modes by comparing orthogonal tensor components.
The x and y axes have been shifted by +24 and +10 cm, respectively, in this display.
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Plate 4a

Test Wave

Plate 4b

Plate 4. Two dimensional interferometer traces of the B, components of a magnetic wave at f = 1 MHz. The wave is
excited at x = —20 cm, y =0, z =0, and ¢ = 21.4 us into the reconnection event by a magnetic loop antenna with B =

(0, 0, B,) (a) propagating in the x-y plane; B, = 10G, (b) propagating in the x-z plane.
54
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Plate 5a

Plate 5b

Plate 5. Color stereo pairs of the three-dimensional wave number spectra at f = 1 MHz. The vertical green contour
map is of the wave spectra in the k -k, plane, the lower contour map is trunsverse k,-k, plane. The yellow markers with
size proportional to amplitude are projections of the peaks into 3 space. The magenta surfaces are the cold plasma
dispersion curves for oblique whistler waves at B, = 10 G, n, = 49 x 10'?/cm®. The vertical white line is drawn through
k, =k, = 0 and a blue diamond at the origin k = 0. (a) Spectrum of (B, B,,) illustrating prolific mode structure. All fall
within the limiting dispersion surface. (b) Spectrum for (B, B,, . There are only three peaks present. It is possible to single
out ohe mode (also see Figure 8c) for polarization analysis in this case (t = 33.2 pus).
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l Plate 6a

Plate 6b

Plate 6. Electron distribution functions. (a) At the edge of the neutral sheet (» = 20 cm, z = 0) where no tails exist, and
(b) in the center of the neutral sheet (x = 0, z = 0) where runaway electrons are observed. Upper panels show ensemble
average values of f(v)), f(v,), the surface is f(v,, f,) on a logarithmic scale (107" < f< 10 " cm ®s* 0 < [vf < 7 x 108
cm/s). Bottom plane shows rms fluctuation f,,,(¢v,,, v,)/f(0) = constant (3 dB/contour).
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* tensor components of the CSF. This analysis is not possible in
a multimode pattern such as is shown in Figure 8a.
Prior to the polarization analysis we wish to review some
basic properties of monochromatic whistlers excited by an-
tennas in the neutral sheet.

TEST WAVE EXPERIMENTS

The CSF of the random 1-MHz waves exhibit good corre-
lations through the entire x-y plane. Besides weak damping,
this fact suggests that the excitation sources are extended so as
to excite plane waves. For comparison, we now launch whis-
tler waves at the same frequency under identical conditions
from an antenna placed into the neutral sheet. Such wave
experiments have been performed earlier in a quiescent, uni-
formly magnetized plasma with similar parameters (w, » a,
wy < @ < w,) except without a current sheet [Stenzel, 1975).
In these experiments a magnetic loop launched whistlers with
diverging phase fronts, which causes an amplitude decay due
to the divergence of the wave energy. The presence of a den-
sity gradient causes considerable wave refraction and ampli-
tude variations. In the reconnection geometry the magnetic
field is sheared (Plate 1) and the density within the neutral
sheet is highly nonuniform (part 2). In order to facilitate com-
parison with the random waves, the test signal is launched
near the center of the neutral sheet during the reconnection
event.

The exciter is a 6-cm diameter, five turn loop, launching a
wave with B, = 3 G at 1| MHz The applied signal is attenu-
ated and is used as the reference signal in the correlation setup
that is identical with an interferometer circuit. Owing to the
phase coherence the test wave signal is easily distinguished
from the 1-MHz background fluctuations. Surfaces of con-
stant interferometer output [oc B(r) cos (k - r)] taken approxi-
mately 30 us into the reconnection event are shown in the x-z
plane in Plate 4b. Since the movable probe could not be posi-
tioned beyond the exciter loop, the data are symmetrized in
the x direction about the z axis going through the antenna
location. The radiation pattern in the x-y plane along the
dominant axial magnetic field component B,, is shown in
Plate 4a. It indicates how the nonplanar phase fronts spread
out along and across B,,. The wave motion in time is best
seen in a computer-generated movie that displays the mea-
sured t dependence of Plate 4. A dominant oscillation with
rapid spatial amplitude decay is observed in the transverse
plane (Plate 4b). From these results one can estimate the typi-
cal wavelength to be (i) ~ 10 cm.

Wave number spectra generated by Fourier transforming
the x, y dependence of B, are shown in Figure 9. Unlike the
corresponding fluctuation spectra there is one peak clongated
along B, in the k,-k, plane. The contours are nearly circular
in the transverse k,-k, plane. The dominant mode in the k,-k,
plane moves at an angle of 8 = —32° with respect to the
magnetic field B,,. In Plate 4b the exciter antenna at x = ~20
cm is always to the left of the receiver antenna. The dominant
modes in the k,-k, plane are therefore peaked at k, > 0, de-
scribing the outward wave propagation. The waves of largest
amplitude have axial wavelengths in the range 10 < 4, < 20
cm, in reasonable agreement with the dispersion relation for
whistler waves given by

wz

1 .2
—) =1~ 2 x P Y]
7] {w — w, cos §)  w(w, cos § — w)

where w,, w,, and  are the electron plasma, cyclotron, and

wave frequencies, respectively. The same wavelength regime
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| TEST WAVE vs Delay Time

IMHz s ]
Ax= 180 cm 8 ]
Ay= -110 cm y,
€= 100 < 3
p= 9000

=300 usec |

Fig. 10. Phasor diagram for the test wave generated by plotting
two components of the CSF tensor (B,,B,,> and (B, B> as a
function of delay time t, 0 < t < 3.0 us, rotated into the frame in
which k L B_, . (k, = 0). The signal used to launch the wave is the
common reference signal B,, in the interferometer. The obliquely
propagating mode is right-hand circularly polarized (¢ = 1, ¢ = 90°),
as seen by the projection onto the grid below. The arrows indicate the
magnitude and direction of B(t) at several of the 64 measured delay
times. The dots on the trajectory indicate that the measurement of
polarization was made on the second cycle and are projected below.

L T = 3320 usec 14

was found from the CSF analysis of the fluctuations that es-
tablish the connection between test whistler waves and the
unstable modes.

The test wave exciter does not generate plane waves. Owing
to geometric spread of the wave energy from a point source,
the wave amplitude decreases rapidly with distance from the
exciter. In contrast, the unstable waves exhibit a small ampli-
tude decay. One can therefore conclude that the random
waves are generated by extended sources; for example, long
current filaments within the neutral sheet.

WAVE POLARIZATION

We consider the theoretical dispersion and polarization
properties of whistlers in the quasi-longitudinal approxi-
mation [Ratcliffe, 1959]. It is valid when the angle of wave
propagation satisfies

2 2
sin 0< ZwE
cos 0

@)
a)wt.‘

For our parameters the right-hand side exceeds 10° so that the
approximation is valid for essentially all angles (0 < 89.9°). In
the quasi-longitudinal approximation, the polarization of the
wave magnetic ficld in toc plane perpendicular to k is right-
hand circular irrespective of the angle of wave propagation
[Helliwell, 1965; Formisano and Kennel, 1969]. The polariza-
tion of the electric fields is different and will not be considered
here.

First, we analyze the polarization of the test wave. The peak
mode at k = (0.35 cm ™', —0.286 cm™"') is chosen from the
k.-k, spectrum of Figure 9. This mode fairly well satisfies the
dispersion relation (equation (7)) for m, = 1.3 x 10'? c¢m~3
1 20%, B,, = 12 G, the experimental conditions.

For analyzing the polarization we consider two orthogonal
magnetic field components, B, and B,. The third component
B, does not have to be measured since it is determined by
k - B = 0. Both components are digitally filtered at k, = 2z/18
cm~!and k, = —27/22 cm ™', and the signals are subsequent-
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Fig. 1. Stereo pairs of phasors generated from random waves. The display is as in Figure 10; however, B, is the

random wave signal to the common reference probe. (a) Mode with k = k, = 0.79 cm ™. It is nearly circularly polarized,
right handed, and satisfies the whistler dispersion relation. There is insufficient information to transform oblique modes
properly, such as is shown in (b), 8 = 26° t6 the frame with k L B’. The phasors exhibit bizarre motions in this case.

ly inverse Fourier transformed so ds to obtain
B(w, k) Bw, k)

x(x,7,8) Hx..1)
Amplitude and phase of each component is retained as a func-
tion of delay time 7 so that we can plot the phasor By, Be-
cause we consider the magnetic field polarization in the plane
perpendicular to k the field components in the laboratory
coordinate system (x, y, z) must be projected into a rotated
frame (x', y/, z') with y’ along k. This transformation yields

B,'=B,/cos0 B'=B, B'=0 )
where the primes refer to the rotated coordinate system.

Figure 10 is a phasor diagram B, for the test wave. The
vector components are notmalized in amplitude as discussed
in the previous section, and one component is delayed with
respect to the other one by 50 ns which was the digitization
time, hence corresponds to an error of only one syn-
chronization pulse. The data refer to a start time of 33.2 us
into the reconnection event and display the phasor B, for
delay times 0 < 7 < 3 us. The vector tip sweeps out a right-
handed spiral in tistle whoee projection into the B’ plane is a
circle. At five discrete time steps the vector By, is indicated.
The figure also presents values for &, the ratio of the semima-
jor to semiminor axis, and ¢, the phase difference between the
vector components measured between successive maxima
B, .., and B, in one of the cycles. All the test wave modes in
the vicisiity of the spectral peak (Figure 9) are right-handed
circular whistler waves.
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The random modes have. in general, three wave vector com-
ponents that must be known in order to find the polarization
in the plane orthogonal to k. This would require that CSF be
measured throughout a volume so that one can perform a
three-dimensional spatial Fourier transformation. However, it
is often sufficient to considet two orthogonal planes if certain
symmetries in the wave propagation exists. For example, one
may consider the polarization of all the waves along the lines
k,= 10126 cm~! (A, = +50 cm) in the k,-k, plane, Figure
8a. These are modes that travel at small angles with respect to
the uniform magnetic field B,,. The spectrum in the k,-k,
plane is roughly symmetric about k,, and as an approximation
we choose for the average wave number (k,) =~ 0 for purpose
of investigating the pclarization of modes in the &, k, plane.
The polarization at different values k, should be right-hand
circular for waves that fit the dispersion relation (equation (7).
More than 80% of the modes tested are confirmed to be
right-hand polarized. For example, Figure 11a shows a phasor
diagram for a random mode with k ~ k =0.63 cm™' with
ellipticity ¢ = 0.94 in the first cycle, i.c., with nearly right-hand
circular polarization. Most of the random waves exhibit
changes in ¢ and orientation of the major axis as a function of
delay timé 1. The CSF (Figure 6) and resulting k spettra are
weakly time dependent, and it is possible that the third com-
ponent k, enters in time and affects the calculated polariza-
tion. Whether indeed all the waves are right-band polarized
can only be resolved by performing a fully three-dimensional
Fourier analysis that permits a proper transformation of B
into the planc orthogonal to k. We interpret the nearly circu-
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lar polarizations, seen mainly for parallel wavelengths of order
10 cm as cases of whistler waves with k, = 0.

Examination of modes that are more oblique reinforces this
picture. Figure 11b is a phasor plot of a wave propegating at
0=26°withmpecttothemnmﬁcﬁeld8,.,.'l‘hephasor
diagram is very complicated and is best appreciated in a ster-
eoscopic view, as shown. The polarization appears highly el-
liptical and is seen to reverse as a function of t. The projection
onto the lower grid resembles the fluctuating component of
the hodogram in Figure 2c as if everything save the loops
visible in Figure 2b have been averaged away. This type of
phasor is rcpresentative of all waves propagating at large
angles with respect to B,,. This does not necessarily mean that
these waves are elliptical but that there may be insufficient
information to transform B into the proper frame. If there
were more data points available, a statistical analysis for the
polarization as a function of propagation angle could be
undertaken in order to check this assumption. The present
data, however, strongly suggest that the random waves are
whistler waves propagating at all angles up to the resonance
cone (0 = cos ™! (w/w,) = 88°). :

The polarization sampling procedure was relegated to
waves moving, on the average, at small angles with respect to
the background magnetic field. The spectrum of (B,,B,,) in
the k,-k, plane has one intriguing highly oblique mode (Figure
8¢). An estimation of its polarization is possible, but best fol-
lows a discussion of the three-dimensional spectra.

THREE-DIMENSIONAL WAVE PROPAGATION

Wave number data acquired in two orthogonal (k,-k,) and
¢k,-k,) planes make a three-dimensional reconstruction of the
wave vector structure possible. Such a diagram is shown in
Plate S as a stereoscopic pair for (B, B,,>. Wave number
spectra are shown as contour plots projected to the bottom
and to the side of a rectangular volume in k space (jk,| < 0.69
cm™%, k), Ik < 1.35 cm~!). Each point « in the volume is
tested to insure the mode associated with it is well above the
noise; CSF [(k,, k,),, (k,, k,),] = 0.45, where the largest value
of the combined spectra is normalized to be 1.00. The mode is
then projected into three-dimensional k space as a yellow
marker with size proportional to the amplitude to which it
corresponds. Also drawn in magenta are the dispersion sur-
faces k(@) (equation (7)) for obliquely propagating whistler
waves at a fixed density, in argon, n, = 4.9 x 10'?/cm3, mag-
netic field, B,, = 10 G, and frequency w/2x = 1 MHz. A verti-
cal line through the symmetry axis (k, = k, = 0) is drawn to
aid the cye. A blue diamond marks the origin in k space.

The density within the neutral sheet is nonuniform (part 2)
and may be 2.5 times larger at the second-order contact points
of the separatrix than in the center of the neutral sheet. Waves
in lower density regions in turn give rise to points in Plate Sa
that lie closer to k, = 0 for nearly perpendicular propagation.
The magnetic field is constant to within 10% along the y
direction but increases in the x-z plane as one moves away
from the neutral sheet. In this situation the wave dispersion
surfaces are expected to sweep through a volume. The curves
that are drawn in Plate 5a may be interpreted as a reasonable
outer envelope for these experimental parameters. That the
majority of the modes fall within this volume of k space is
strong evidence that the magnetic turbulence is comprised of
whistler waves.

The large number of modes in wave number space pre-
cludes any further investigation of the CSF component shown
in Plate Sa. This is, however, not always the case. There are far
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fewer modes observed for tensor element ¢B,,B,,)> as illus-
trated in Plate 5b. The dominant mode located at k, = —0.62
em™!, k, =026 cm!, and k, = —0.26 cm™! is an oblique
mode with its counterpart in tensor component {(B,,B,,). Its
peaks are clearly seen in the contour lines projected onto the
lower and side planes.

If the fluctuating magnetic field CSF had been measured
everywhere within a volume of real space, the polarization
analysis would be tedious but straightforward. The three-
dimensional Fourier transform into wave number space and
filtration of the mode of interest would proceed analogous to
the technique described in the previous section. After transfor-
mation into a plane perpendicular to k, the polarization may
be traced.

Since the CSF is mapped on orthogonal planes only, the
following procedure is used to estimate the polarization. Both
planes have an axis (k,) in common. The CSF modes are
filtered out of the orthogonal k space planes and the compo-
nents vectorially summed, ic., {(B,;B,,) = (B,,B,; (k,, k)
+ (B, B3k, k,), where a = z, x. The data from each of the
orthogonal planes were of comparable magnitude, but their
initial phase had to be equalized since they were acquired on
separate runs. This did not affect the polarization calculation.
Finally, we note that the probe in common for this CSF pair
was the movable probe that is equivalent to replacing t by
-

The data were transformed by two successive rotations in k
space such that k" = (0, k,”, 0) and B,," =0 since k- B =0.
(For simplicity we drop the prefix B,,.) The transformation is
given by

k
B,” = B, /cos 8, + B, k—‘ sin 6,
y

(10)
. k, sin 8,
B,” =B, W + cos 02
X ¥y
where
tan 01 = & tan 92 = "‘Lso'
k’ x’

Here k is the wave number in the original laboratory frame.
Note that in the x-y plane k, = 0 and (10) reduces to the
transformation given by (9).

CSF vs Delay Time
1MHz 1

k= 07 /em E

ky= 03 /cm 1___\
= 091

3D mode

Fig. 12. Phasor generated from single CSF modes digitally fil-
tered from the three dimensional k spectra (as shown in Plate 5b) and
transformed such that k 1L B_, . The highly oblique mode a = cos ™!
k,/k = 64° is a right-hand polarized and nearly circular polarived
whistler (1 = 33.2 us).

A ORISR . e -



B T

m0 GEKELMAN AND STENZEL: MAGNETIC TURBSULENCE DURING RECONNECTION

The transformed data plotted as a phasor in Figure 12 iden-
tify the dominant mode to be a right-hand, nearly circular
polarized whistler wave. Although the agreement here could
be fortuitous, we view this as being unlikely in light of the
experiment in surveying modes in which k is not known (such
as is shown in Figure 115).

The whistler waves are not the only component of the tur-
bulence within the neutral sheet. We have performed prelimi-
nary fluctuation studies at higher frequencies and observed a
wide range of electrostatic modes.

IoN SOUND AND LANGMUIR TURBULENCE

Using two electrostatic probes, we have measured with
analog correlation techniques the frequency and wave number
spectrum of modes along B,, within the ncutral sheet. The
results are summarized in Figure 13. The cross spectral func-
tion at 2 MHz enables the straightforward evaluation of a
single wavelength (unlike the whistler case). From different
measurementsofwandkweobtainalineardispersion
characteristic for ion acoustic waves. It is well known that
short wavelength ion sound modes (A— ip as w— w,) can
produce significant scattering of electrons which manifests
itself as an enhanced resistivity (part 4).

The microwave emission (f = f, ~ 12 GHz) from the recon-
nection event is monitored with a horn antenna located out-
side the plasma column and connected to a sensitive micro-
wave receiver. Figure 14 shows a large burst of electro-
magnetic radiation during reconnection. In this case the event
is triggered late in the discharge to make the signal easily
distinguishable from that due to the primary (ionizing) elec-
trons. In a separate experiment [Whelan and Stenzel, 1981],
clectromagnetic radiation at the plasma frequency is observed
to be generated when electron plasma waves scattered off ion
acoustic fluctuations. The Langmuir waves were driven unsta-
ble by an electron beam.

(a) [ v v 3
Ar,)-lo.‘ Torr 22z 0
¢ = 40 psec
da | 5
"I
10 d8
[ 10 2 E
FREQUENCY ( (MHz)
(o)
éF
3 -
o
»
2+
(MHz)
IS wehey
(Ta=Sev) 2mm
o - A A
0o 50 100 50

WAVENUMBER k (ern™)

Fig 13. Characteristics of electrostatic fluctuations during recon-
mection. (a) The frequency spectrum of density fluctuations extends up
1o the ion plasma frequency /,. Intograted fluctuation levels are on
the order of {dn/n), & 5%. (b) Wave aumber spectrun of low-
frequency flectuations exhibits the dispersion of the ion sound waves.
The spatial ncise propertics are obtained from two-probe cross power
spectral functions C, , (Ar), an example of which is inserted.
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MICROWAVE EMISSION

Time t |
Reconnection

Fig. 14. Microwave emission (arb units) at the plasma frequency
observed with an external horn connected to a radiometer. The back-
ground radiation is due to primary electrons within the dc discharge.
For purpose of clarity the reconnection event is switched on 1.2 ms
after the discharge is initiated. The large pulse of radiation is pre-
sumed to be associated with Langmuir turbulence driven by electrons
accelerated within the neutral current sheet.

In the reconnection event a runaway tail of electrons, con-
fined to the neutral sheet, is produced by the induced electric
field. Langmuir waves grow at the expense of the free energy
in the tail, scatter off ion acoustic waves or convert on density
gradients to generate the observed microwave emission.

ELECTRON DiSTRIBUTION FUNCTIONS

Non-Maxwellian particle distribution functions may pro-
vide conditions for plasma wave growth. If these waves reach,
large amplitudes particles in turn may be scattered or trapped
by them. If the full distribution function were known, f(v, r, f),
most instabilities may be predicted theoretically or by simula-
tions. Although a complete measurement of f is a massive
undertaking in data acquisition, several steps toward it have
been made. One would like 10 compare the observed wave
phenomena and particle scattering with distribution functions
to see if they are consistent. A strong modification of the
distribution at a given phase velocity may be reflected by
strong wave activity there. In this section some preliminary
measurements will be discussed; details will be presented in a
subsequent article in this journal.

The electron distribution functions are measured with a
novel velocity analyzer [Stenzel et al., 1983a, c] that transmits
electrons within a small acceptance angle (AQ = 0.036 sr). The
essentially one-dimensional velocity of the transmitted elec-
trons is analyzed with a gridded retarding potential energy
analyzer. The analyzer’s mounting permits a continuous rota-
tion about the two polar angles 0, ¢, s0 as to obtain f(v, 6,
¢) = f(v). This involves repeated measurements at typically
200 different angles. The device may be moved to different
spatial positions within the reconnection region. Temporal
resolution is provided by a fast voltage sweep (At = 2 usg) on
the analyzer grid. In principle, it is possible to determine the
full electron distribution function f(v, r, t).

The analyzer output is digitized with a 100-MHz A/D con-
verter. At every angle 10 current voltage traces are recorded.
The on-line array processor differentiates the I-V curves and
smooths out the digital noise. It then caiculates the distri-
bution function as well as the rms fluctuations at every angle.
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The distribution functions are displayed as three-
dimensional stereo pairs, for cass of viewing, in Plate 6. The
upper surface shows the distribution function f(vy, 7,) taken
332 s into the reconnection event, at the edge of the nevtral
sheet (z = —22.5 cm, Plate 6a) and within it (z = 7.5 cm, Plate
6b). Here v, denotes velocity along the uniform guide field B,,.
The velocity range is lv,, ol < 6 x 10° cm/s. The distribution
function is plotted logarithmically over three orders of mag-
nitude, 1017 < f(v, z=75 cm)<10°* am™% 5% flv =0,
Zm —-25cm)=13 f(v =0, z= 7.5 cm). In drawing these
graphs it is assumed that the curve is symmetric about the
azimuthal angie ¢. Full three-dimensional data sets indicate
that the symmetry is only approximate. The distribution func-
tion is best examined by using computer generated films of
successive surfaces of f(v) == constant. On the plane projected
immediately below the distribution surface are ten (green) con-
tours log f(v) = const (3 dB/contour). We observe a high-
energy electron tail (Plate 6b) that carries the plasma current
and extends to energies in excess of 75 eV. Since most of the
energetic electrons in the discharge have cnergies eVy, = 45
¢V, we conclude they have been freely accelerated by the elec-
tric field.

The shaded violet projections on the rear surfaces indicate
what would be measured by probes directly along (f)) across
(f.) the uniform background field. Anisotropic distributions
cannot be resolved by using single-sided planar Langmuir
probes since they integrate f(v, 8, $) over A8, A¢ = = in veloc-
ity space.

At the current sheet edge near the contact points of the Y
shaped separatrix (Plate 1, Figure 5) there is a vertical mag-
netic field component (B, ~ 2 G) that prevents runaway tail
formation (Plate 6a).

The velocity space rms fluctuations of the distribution func-
tions are shown as blue contours in the lowest plane of Plate
6. The Doppler shifted whistlers have phase velocities |vy| =
lo — o l/ky (2.5 x 10° cm/s) that fall into the velocity range
of large rms fluctuations. The phase velocity of beam driven
Langmuir waves also fall into this regime w/ky » o, 2 10°
cm/s. No detailed measurement of this high-frequency turbu-
lence has been made thus far.

The ion acoustic modes have phase velocities w/k = ¢, = 3.5
x 10° cm/s that place them near the origin of the plots in
Plate 6, where measurement errors limit the resolution of f(v).

SUMMARY AND CONCLUSIONS

We have approached sorting out the complex net of inter-
woven processes that constitute magnetic field line reconnec-
tion with measurements taken from three perspectives. The
first level is macroscopic in which ensemble averaged proper-
ties such as density, tempersture, and embedded electric and
magnetic fields were mapped out as a function of space and
time. This is somewhat analogous to the fluid approach in
theoretical physics, and constitutes the bulk of measurements
described in JGR papers 1-5. Although turbulence may mani-
feat itself in the form of anomalous resistivity and enhanced
fiuid scattering (parts 3 and 4), & second, statistical approach is
necessary to probe the underlying structure of it. In this work
extensive digital data scquisition and statistical computation
bave been brought to bear on magnetic turbulence and en-
abled the uafolding of the frequency and wave number spec-
trum of umstable whistler waves. Statistical studies of the wave
polarization vis 4 vis the cToss spectral temsor indicate the
waves are right handed and nearly circulsr. Analysis of whis-
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ﬂupohﬁuﬁdsmdeontheatﬂl’smhmofwavuwhich
ontered the ionosphere [Tsuruda and Ikeda, 1979] are also
wave mast also be estimated. The propegation direction k and
polarization for fairly monochromatic waves have been ascer-
tained from hodograms and flux gate magnetometers on the
ISEE satellites as they traversed the bow shock [Hoppe et al.,
1982]. Correlation of niagnetic ficdds measured by the satellite
pair was used to find the phase velocity, again for the uncom-
mon casc of nearly monochromatic signals. Dispersive effects
make such two point correlations difficult since the spacecraft
are siways more than scveral wavelengths apart. Nevertheless,
thesc waves were found to be oblique whistlers driven unsta-
ble by ion beams reflected off the bow shock. Whistlers seem
to be ubiquitous in space plasmas, having thus far been
observed in the bow shock, auroras, plasma sheet, magneto-
sheath, and solar wind, as well as in the environs of Jupiter.

In our laboratory plasma we have established a magnetic
field topology similar to that of magnetotail models. A possi-
ble difference is our axial field component B,,, which at times
may exist in the magnetotail but is usually ignored in theoreti-
cal and numerical models [Sonnerup, 1979]. It establishes
magnetized electrons in the current sheét and whistler eigen-
modes throughout the dissipation région. Our observations
show that the whistler wave activity correlates with the neu-
tral sheet current; for example, the wave intensity nearly van-
ishes at current reversal (1, >~ 0 at ¢ = 80 ps).

In this experiment, we used two probe cross correlation
techniques for analyzing magnetic turbulence. This powerful
technique has not yet been employed in space physics since it
requires mother-daughter satellite sysiems. From the corre-
lationh measurements, we have established the wave dispersion
(k) and magnetic field polarization B(z). This was feasible
through the use of digital data proocessing involving fast Fou-
rier transforms and digital filtering on the spatial and tempo-
ral dependence of magnetic fluctuations. A dominant mode
found in two components of the CSF lent itself particularly to
exaniine the B field polarization that was found to be right-
handed. A procedure to estimate the wave numbers in three
dimensions for this right-hand circularly polarized wave as
well as the other components of the noise enabled comparison
with the dispersion surfaces of the whistlers. Full three-
dimensional analysis will be possible with increased computer
memory and mass storage. Higher order correlations have
already been used to estimate wave-wave coupling and trans-
port [Powers, 1974; Roth et al., 1978] in a simpler geometry
and could be extended to this case.

Having established that the observed random waves are
oblique whistlers sets the stage for future experiments that will
explore how (or if) the whistlers feed back on the recoanection
process via particle dynamics. The wave frequencies are well
above the ion but below the electron cyclotron frequency:
0y € Oy X 0 < Wy < Dy € W, In this frequency regime
ion motion is affected by the wave and is resonant with it at
® = w4, The jons may also respond to space charge fields
that_result from nonlinear interaction of eclectrons with the
whistlers. It is, however, not yét clear if the whistlers are re-
sponsible for the large ion scattering previously observed (part
3). Also umexpiained is the observation that the number of
modes in k space differs for elements in the CSF tensor. This
presumably depends upon the details of growth and satu-
ration that have not as yet been explored experimentally. To
the authors’ knowledge, no theory for whistlers under these
conditions exists.
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A stronger statement can be made about the electrons
10* cm/s) falls into the velocity space occupied by the fast
electrons (Plate 6b). It is likely these clectrons provide the free
energy to drive the waves unstable and in turn are scattered
by them. A possible mechanism could be filamentation within
the current sheet (part 5) in which individual current channels
act as localized antennas. Current filamentation and turbu-
lence have been observed numerically in an MHD simulation
[Matthaeus and Montgomery, 1981).

In an interesting particle simulation of a low average beta
(B = 8xnkt/B? = 0.03) neutral sheet [Tanaka and Sato, 1981]
clectron heating, anomalous resistivity, and particle transport
developed within a plasma with initial electron and ion drifts.
Lower hybrid waves were observed; the nonlinear devel-
opment includes both electromagnetic modes and distortions
in the magnetic field.

Spacecraft obeervations of scattering of energetic electrons
by whistlers have been made in the subauroral magnetosphere
[Carpenter and LaBelle, 1982]. Electrons trapped by obliquely
propagating whistlers may be, in turn, responsible for the gen-
eration of fast electron beams (H. Matsumoto, private com-
munication, 1983).

It is possible to unravel the interplay of particles and waves.
It must be done at the most fundamental level, the detailed
measurement of particle distribution functions and the phase
space correlation of wave-particle data. As reported here, tech-
niques have been developed to measure f(v, r, ¢) and its veloci-
ty space fluctuations, which lay the groundwork for the next
phase of this investigation. As data become available, rapid
theoretical progress in turbulence will surely follow [ Montgo-
mery, 1982].
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Measurement and Instability Analysis of Three-Dimensional
Anisotropic Electron Distribution Functions

W. Gekelman and R. L. Stenzel
University of California, Department of Physics, Los Angeles, California 90024
(Received 14 February 1985)

A velocity analyzer with high angular resolution (d /4% =10"*) has been used to measure the
electron distribution function f(v, 9, @) in a neutral sheet of a large laboratory plasma. Contours
of f(v) =const form surfaces in velocity space. As f(v) decreases, anisotropic tails form detached
surfaces which send filaments out toward the main body. The highly anisotropic structures occur at
the Doppler-shifted phase velocity of observed whistler-wave turbulence. Instability analysis of
f(v) is consistent with the observed whistler- and Langmuir-wave turbulence.

PACS numbers: 52.25.—b, 52.35.Mw, 52.35.Ra

The interplay between waves and particles is one of
the most fundamental processes in plasma physics. In
a well-diagnosed laboratory plasma it is now possible to
measure the dispersion and propagation w(k) of un-
stable waves as well as the three-dimensional particle
distribution functions. Such basic measurements are
of general interest in and may be extrapolated to
fusion and space plasmas (loss-cone distributions,
beams, and double layers).

The experiments are performed in a large linear-
discharge plasma ((n,) =10'¥/cm?, kT, =10 eV, He
pressure =10 ~* Torr, 1-m diam x2-m length).' In ad-
dition to a dc axial magnetic field By, =10 G, a
transverse magnetic field with a vacuum neutral line
(B,=B,=0) is applied by the pulsing of parallel
currents (20 kA, 100 us) through two external elec-
trodes. In vacuum the topology of this field is an X
point; the field lines in the center of any transverse
plane intersect at 90°. When plasma is present, how-
ever, the changing magnetic field induces a current
which assumes the form of a sheet (Ax =40 cm wide,
Az=5 cm half width, /,=1000 A). The measured
ensemble-averaged magnetic-field topology in the
plasma [Fig. (1a)] is that of a classical neutral sheet.
The electron-distribution function is measured with a
highly directional velocity analyzer? which can be
placed at any position x within the neutral sheet or in
the strong transverse-field regions [|x| =15 cm] on
its border. The mounting of the analyzer on a double
shaft provides for variation in the polar angle 6 while
the probe rotation yields the variation in ¢. Every
second (the experimental repetition time) the digitized
current-voltage trace ( 7,mpe =10 ns) is transported by
a high-speed network from the data-acquisition com-
puter (LSI 11/23) to a VAX 11/750 computer and
on-line array processor (MAP 300). The data are
smoothed by use of convolution techniques and dif-
ferentiated; the result is proportional to v2f(v). The
plasma potential, which can fluctuate from shot to shot
within the turbulent current sheet, is calculated and
S(v) is shifted accordingly. The procedure developed

ensures that the distributions, averaged over an en-
semble of ten shots, measured at 432 angles match at
the origin. After completion of a run the data can be
shipped over a second network for further analysis and
graphics using a larger (Cray) computer.

The display of f(v,,v,,v,) presents a fundamental
problem since four orthogonal axes are required. A
reduced distribution f(vy,v,) can be displayed as a
surface’ but this defeats the purpose of the measure-
ment by imposing symmetry. If one notes that in
three dimensions ‘‘cuts’’ through f(v, 8, ¢) produce
surfaces of constant f(v), the distribution function
may be visualized by inspection of a sequence of these
surfaces. In this case f(v) is measured on the center
of the current sheet (x =0, z=0) 30 usec into the
reconnection event. In Fig. 2(a) the surface
C=f(v)/f(0) =2.5%x10"1 is a sphere indicating that
the bulk of the distribution is Maxwellian. As C —0
the configuration surface reflects the presence of faster
particles. The detached surfaces in Fig. 2(b) denote
beamiets of fast particles (an electron beam with velo-
city greater than a Maxwellian main body would give
rise to two spheres in velocity space). A continued
scan to values of Cas low as 10 ~4 is possible since the
electron currents are as large as [/l —0.3 and the
digitizers have 0.4% accuracy. (Transformation into
velocity space entails a division by v?.)

As C decreases several additional beamlets appear.
The beamlets appear to ‘‘grow’’ filaments which con-
nect them to each other and the main body. Inspec-
tion of these surfaces indicates that some fast particles
have velocities directed oblique to the local magnetic
field. The continuous development of these structures
as well as rotations about various axis in velocity space
is best shown in a computer-generated movie.* If the
probe is moved into a region of appreciable transverse
field (|x| =15, z =0) no fast particles are observed;
the surfaces are all spherical.

Although anisotropies in velocity space have been
previously observed by our group,’ new techniques in
data reduction and the ability to store and process huge
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FIG. 1. (a) Linear vector plot of B, showing the neutral-sheet magnetic field topology for a ten-shot ensemble average.
Sketch shows location of velocity analyzer. (b) Three-dimensional wave-nember spectrum at /=1 MHz for one component
of the cross-spectral-function tensor B,,8,;. The bottom and side plots are wave spectra in the k,-k, and k,-k, planes. The
markers with size proportional to amplitude are projections of the peaks in k space. The bounding surfaces are the cold-plasma
dispersion curves for oblique whistlers at B, =10 G, n,=4.9% 10'/cm’. The vertical line is drawn through k, = k,=0. The
diamond in the center is at k=0. The prolific mode structure falls within the limiting dispersion surfaces.

arrays of data allow us to report these detailed struc-
tures for the first time.

The number of particles per unit solid angle is
vif(v) which strongly weights the energetic ones in
calculation of the moments

Jo. J:' J;'v"f( v,0,9)vIsin0déde dv.

The ratio of tail to main body density n.,/no =0.015
is calculated for a=0. The higher moments are, for
a=1, current density J,=072, J,=-158, J,
= —0.18 A/cm% for a=2, mean energy Tr(E)
= 10.5 eV with off-axis components 10~ times axial
ones; and for a=3, heat flux Q,=18, Q,=91.1,
Q,= —7.6 W/cm2. The local current is predominantly
in the direction of the axial magnetic field and agrees
with other measurements. The temperature of 10.5

B

eV indicates that the fast electrons, v, =4x108
cm/sec, have run away in response to the induced
parallel electric field.® The axial heat flux is carried
mainly by the runawavs.

We believe that the complex structure observed in
velocity space may be qualitatively explained by two
effects. In the center of the current sheet the trajecto-
ry of a single collisionless electron is a spiral as
B =B,,. However. electrons arriving at the detector
originate at a variety of spatial locations and have com-
plicated orbits’ which may not average out to yield a
uniform velocity distribution in the beam direction.
Perhaps more interesting are wave-particle interactions
which redistribute electrons whose phase velocities
match those of unstable waves. There is a great deal
of evidence for this in the neutral sheet.
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f,(v) = C

-6.0X10°

6.0x10°

FIG. 2. Surfaces in velocity space of f.(v,,v,,v,)
= C =const, f,(v=0)=10. Probe is located in the center
of the neutral sheet. B,,=10 G. (a) C =const=0.025.
The surface is spherical indicating that the bulk of the parti-
cles is Maxwellian. (b) C =0.022. (c) C=0.021. The dis-
tortions and beamlets mark the presence of electrons in the
electric field, E, Il Byo. of the current sheet. (d) C=0.019
viewpoint changed to — v, direction to reveal filamentary
structure..

The ensemble-averaged magnetic field is somewhat
deceiving, within the neutral sheet the magnetic fields
exhibit large fluctuations 8B, /|B,| —1. The broad
frequency spectrum peaks near the lower hybrid fre-
quency (fyu =200 kHz) and extends to the electron-
cyclotron frequency. A detailed study of the instability
growth was not done since it fully saturates within
several wave periods. Extensive correlation measure-
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FIG. 3. Plot of parameter 4(E,) (solid line), Eq. (2),
evaluated from the distribution function shown in Fig. 2.
A > 0.04 is an indication of sufficient anisotropy to destabi-
lize paralle! whistler waves. The dotted curve indicates a
positive slope exists in f JedE | at tail energies sufficiently
high to destabilize Langmuir waves.

ments have been performed and the cross-spectral-
function tensor evafuated.® The measurements indi-
cate that at fixed w the wave number k depends on an-
gle as summarized in Fig. 1(b). Data from two orthog-
onal planes (x-y.x-z) were used to construct the
three-dimensional wave-vector spectrum. Shown is
the multimode structure of one component of the
cross-spectral tensor at a fixed frequency (f=1 MHz).
The dispersion surfaces for oblique whistlers,®

ke/w = w}/w{w, cosd — w), (1)

fill a volume of k space since w,, w, vary throughout
the reconnection region.'®'' No random waves are
observed outside the surfaces described by Eq. (1) for
the experimental extrema (n,=4.9%10'? cm~3, B
=10 G). Tests on a number of these modes have es-
tablished that they are right-hand circularly polarized.

The measured phase velocity of the Doppler-shifted
whistlers lw —w.|/k, =4.3 x10® cm/sec, ((ky,) =0.6
cm ~') falls into the range of the observed tail. An an-
isotropy test which indicates that the measured
electron-distribution function is prone to a parallel
whistler instability'? is that A(E,) > (w/e—1)""
where

J:E;(af/aEl —d8f/0E ) dE,

A(Ey) = _ )
! [ rEVE,

This expression has been evaluated and A(E,) is
shown in Fig. 3. In a range of energies the instability
criterion A(Ey) > A, =0.04 is satisfied. The max-
imum is at v, =4.7x10% cm/sec, close to the phase
velocity of parallel whistlers.

The reduced parallel

distribution, g{wv )
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= [ f(E)dE ; [denominator of Eq. (2}], is also shown
in Fig. 3. It exhibits a positive slope which satisfies
the criterion for Cherenkov instabilities
(oblique whistlers, Langmuir waves, etc.). Measure-
ments of the microwave emission with horn antennas®
have shown a strong peak at the plasma frequency
S=/f,=12 GHz, indicative of beam-driven strong
Langmuir turbulence.!?

A more general expression to test for growth of
oblique whistlers'? has been used with measurements
of two-dimensional distribution functions in the
Earth’s bow shock.'* Although whistler noise is ob-
served in the shock transition region it is not possibie
to measure wave-number spectra and wave dispersion
in space, and distribution measurements are insensi-
tive at low energies within the main body. A number
of interesting computer simulations along these lines
have been carried out'*'* and have shown the impor-
tance of trapped particles in the deformation of f(v).
Roux and Pellat'’ have shown analytically that a beam
or hole is formed in the distribution function at the
whistler resonant velocity. We are presently extending
our analysis to examine the growth of the observed
oblique whistler modes.

In this work we have pointed out that the structure
of the electron distribution function in a turbulent,
current-carrying magnetoplasma is rich in detail. It is
long known that particles resonant with waves are scat-
tered in velocity space as they interact with them. We
have observed this to occur in three dimensions when
oblique whistler-wave turbulence is present. Since fas-
ter particles heavily weight the moment calculations,
the presence of low-density tails can greatly affect
transport processes such as heat flux. We believe that
the complex anisotropies discovered in velocity space
are of great consequence in diffusion and transport.
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LABORATORY EXPERIMENTS ON CURRENT SHEET DISRUPTIONS, DOUBLE LAYERS
TURBULENCE AND RECONNECTION

R. L. Stenzel and W. Gekelman
Department of Physics, University of California, Los Angeles,
CA 90024

ABSTRACT

The role of laboratory experiments to the understanding of current
systems in space plasmas is reviewed. It is shown that laboratory
plasmas are uniquely suited to make detailed investigations of basic
physical processes in current-carrying plasmas. Examples are given for
double layers, current-driven instabilities, and the plasma dynamics
at magnetic neutral points during reconnection. Observations of
current sheet disruptions show the coupling between local plasma
phenomena (double layers) and global circuit properties (magnetic
energy storage).

INTRODUCTION

Although Taboratory plasmas and astrophysical plasmas consider
a vastly different parameter regime,unstable current systems are
encountered in both cases. Although the observational methods are
opposite, local versus remote, there is evidence for common physical
processes: instabilities, plasma energization, reconnection. The
investigation of these processes from various viewpoints contributes
to the general understanding even though a one-to-one correspondence
is often not established.

Carefully designed laboratory experiments establish stable plasmas
with simple, known boundary conditions, and a variety of diagnostic
tools for in-situ time and space resolved measurements of fields, waves,
particle distributions. These features are especially suited for ob-
serving localized processes such as double layers which have been well
established in the laboratory (Torvén, 1979; Sato, 1982). Similarly,
electrostatic and short-scale length electromagnetic turbulence has been
successfully studied in many laboratory plasmas carrying currents
(Gekelman and Stenzel, 1978; Hollenstein and Guyot, 1983; Stenzel, 1977;
Gekelman and Stenzel, 1983). The investigation of magnetic reconnection
requires plasmas of larger dimensions, on the order of the ion
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collisionless skin depth Clupj. In earlier investigations (Baum and
Bratenahl, 1980; Frank, 1976; Ohyabu et al., 1974) this hac been esta-
b1ished by high densities (ne = 1015 cm=3) and small physical sizes

(1. ... 10 cm) which makes the diagnostics difficult. Recent reconnec-
tion experiments at UCLA (Stenzel and Gekelman, 1979; Gekelman et al.,
1982; Stenzel et al., 1983a) have the opposite approach; large scales
(1 ... 2m) and medium densities (ng = 1012 cm-3) so as to optimize the
diagnostic aspect. In these experiments a classical magnetic neutral
sheet has been established; reconnection and particle energization are
observed facts. The current sheet associated with the magnetic topol-
ogy of a flattened X-point exhibits microscopic instabilities (magnetic
turbulence) and macroscopic instabilities (current disruptions). The
latter case is most interesting since reconnection, current sheet
disruptions and double layers occur simultaneously. It is an example
of the complicated but probably realistic nonlinear plasma dynamics at
magnetic null points which also requires the knowledge of the global
circuit properties.

EXPERIMENTAL CONFIGURATION

The UCLA reconnection experiments are performed in a device shown
schematically in Fig. 1. A linear discharge plasma column is generated

o1 End Anode  Mefol Plotes Mesh Anode  Cathode
/
Ve / I o II
] L en N\ i
/ YA '
¢ '
N | 37
150 0 320m —~ o) =, —= By, yo—d! vy
£ i 4 xt] | T
88, !
1

Fig. 1. Schematic picture of the experimental arrangement. (a) Cross-
sectiona] view showing parallel plate electrodes with pulsed currents
Is and magnetic field lines § without p]asma (b) Side view of the
device with main electrodes, currents IS% electric fields
(E=A- Vop ), and magnetic fields B The coordinate
system common in magnetospheric phys1cs has begn adopted where y is
along the neutral 1ine (device axis), x is along the horizontal neutral
sheet, and z is normal to the sheet.

with a 1 m diameter cathode. Detailed plasma diagnostic tools are
employed in conjunction with a state-of-the-art digital data processing
system. Time and space resolved prnbe measurements of fields (E, E),
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Slasma properties (ng, T, ¢, v) and distributions [f(V, ¥, t)] are
performed. The analog data are digitized with 100 MHz, 32K A-D con-
verters, evaluated on-line with an array processor linked

te a Cray computer.

(a) Bz t=27usec  He, 3x10%Torr
yam = —— e ¥ e
10 s - e
e ——— e e Y
z - e ———— 1Y
em) [STTTTTTTTTOOTTIIOIIT T T I 00U
0 t;;;;__;__;;A;;;;;;;;;;;::\flo
‘/'/'/'/'——: - S ﬁﬁﬁﬁ“\g\\‘,\w
) S STt aeSSe G et S S S SO EEN
-20 0 20
x (cm)
(b) FLUID VELOCITY Z/cs t =80usec
=777 11T T
Fe—e—e—— s S S ] VAN
Pl VDI G A A BV GV A BV AN
2 g—:&g&t\o\\——'\/——z/ e A N NSNS 3
0 <] NI aanc § /1
N L O A e P e 2 o
(Cm) ? L R B e e oy
-10 BRI SIS

x (cm)

Fig. 2. Measured magnetic fields and flow field during reconnection.
(a) Transverse field §L (x, z) at a fixed time t, position y = 137 cm,
showing the classical neutral sheet topology. (b) Transverse ion

flow velocity, v] (x, z), normalized to the Tocal sound or Alfven
speed, cg = (kT /m1)1/2= cp = (B2/2ugnm;)1/2. Vertical compression
and horizontal jetting are in qualitative agreement witn reconnection
models.

The plasma of typical density ng = 1012 ¢cm~3 and temperature

Te = 10 eV_is uniform, quiescent, essentially collisionless, and hig?]z
reproducible in pulses of duration t, = 5 mséc, repeated every t, = ec.
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After preparing the plasma in a uniform axial magnetic field (B, = 10G)
a pulsed transverse magnetic field (<B;> = 10G) is applied. Its
topology vacuum contains an X-type neutral point along the axis of

the device. In the presence of plasma, electron currents are induced
which flow preferentially in regions of B; = 0. They are so large

(I =~ 1000A) as to modify the field topology self-consistently, forming
a Dungey (1958) type neutral sheet during the interval of rising
applied fields SO < t s 100usec) shown in Fig. 2a. The corresponding
current sheet (J = v x §/uo) has a thickness {4z = 5cm) between the

Vadc =10V
ARGON , 1074 TORR
+ fooay 1045

CURRENT Iy(t)
( 100A/div )

VOLTAGE Vy¢t)
(10 V/div)

TIME t (10 psec/div)

Fig. 3. Disrupted center plate current I,(¢) (top trace) and
instantaneous plate voltage Va(t) (bottom trace) measured in situ. At
each disruption a voltage spike is generated owing to the distributed
circuit inductance L. Note that LdI,/dt >> Vadc = 10V.

collisionless electron skin depth (c/upe = 0.6 cm) and the ion Larmor
radius (r?} ='30 cm): Thus, we are investigating the fine structure
of the diffusion region which is beyond the resolution of present
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ssolar observations and has neither been observed in the magnetosphere.
Reconnection occurs in our experiment at a rate indicated by the

axial electric field along the separation (E, = 0.5 V/cm) (Sonnerup,
1979) or the normalized inflow velocity of the fluid into the field
reversal region (v/vp = 0.3) shown in Fig. 2b (Vasyliunas, 1975). For
uniform plasmas and modest current densities (normalized electron
drifts vy/ve = 0.1) the current sheet is macroscopically stable on a
time scale ?ong compared with the Alfven transit time across the sheet.

CURRENT DISRUPTIONS AND DOUBLE LAYERS

The stability of the current sheet with respect to increasing
current densities at the separator has been investigated. This is
accomplished by raising the potential of the central portion of the
end anode on which the plasma terminates axially. When monitoring
collected current I; to this center electrode, we find that at
increasing current densities (v4/ve 2 0.3) spontaneous current
disruptions develop (see Fig. 3a). The cause for this current switch-
off has been inferred from detailed diagnostics of the local plasma
properties. During a disruption the plasma potential rises in the
perturbed current channel to a value much larger than the dc potential
(Vgc = 10V) applied to the end plate (see Fig. 3b). Simultaneously,
the plasma density decreases. These processes have a finite axial
extent. In particular, the plasma potential exhibits an abrupt axial
drop (a¢ = 30V in o y = 5mm = 1001p), i.e., a double layer is formed
in the region where the current is disrupted.

Double Layer
Distributed L _g%q_
Inductance \y —e_ -0
0000 L —— b=amﬂ
Yedc l P V
) ) %"’ ‘41dc*u.a

Fig. 4. Schematic diagram of the important element, in the physical
model for the disruptive instability

The large positive plasma potential can only be explained in
terms of the circuit properties. Fig. 4 shows schematically that the
extended current path has a distributed inductance L which, in the
presence of a current drop results in an inductive voltage rise LdI/dt.
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This voltage drives the plasma potential positive and causes an
expulsion of ions, hence a density and current drop. The current
decrease in turn reinforces the inductive voltage so that an explosive
disruption develops. The current lost in the center of the original
sheet is redirected to the sides.

At the double layer particles are accelerated on expense of magne-
tic field energy stored at different locations in the current system.
The kinetic energy first resides in particle beams. Subsequent beam-
plasma instabilities transfer the directed energy into waves and heat.
For example, microwave emissions at the electron plasma frequency
are gaused by electron beam-plasma interactions (Whelan and Stenzel,
1981).

Many of the observed phenomena of current sheet disruptions may
apply to space plasmas as well. The dynamic current modifications
during substorms and solar flares accelerate particles to high energies.
The formation of field aligned potential structures is well known
from auroral physics but it is possible that nonstationary double
layers arise from inductive voltages where the energy storage is
remote from the region of dissipation. Type III solar radio bursts
involve beam-plasma instabilities possibly analogous to the present
emission process.

TURBULENCE IN CURRENT SHEETS

Even in the absence of current disruptions the macroscopically
stable neutral sheet exhibits a significant level of turbulence.
Currents in collisionless plasmas create various fluid and kinetic
instabilities (Das, 1981). The first step in the observation of
turbulence is the mode identification from the frequency and wave-
number spectrum. Then, the instability mechanism has to be isolated
which involves particle distribution measurements. Finally, the effect
of the instability on the macroscopic transport properties is of
interest. Some of these questions have been addressed in the present
experiment.

Three characteristic modes have been identified. An enhanced
level of microwave emissions in the range of plasma frequencies
(6 s f s 12 GHz) is observed during reconnection (see Fig. 5 top).
These nonthermal emissions are due to electron plasma waves excited
by energetic electrons. A second spectrum of waves below the ion
plasma frequency has been investigated (Fig. 5 bottom). With two-probe
cross-correlation measurements the dispersion w(k) is obtained which
identifies the noise to consist of ion acoustic modes (w = kc).
Finally, low frequency magnetic fluctuations above the lower ﬁybrid
frequency (fgn = 200 kHz) are observed (Fig. 6a) and studied in depth.
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MICROWAVE EMISSION

f=f =
p
£2 12 GHz
Time t 1
Reconnection
by
(e) T Y - ‘T
Ar, 2010 Torr xz2:0
f=2MHz
5 t = 40 psec w 3 Ciptdy)
&5 _.I. 1 2
NN
! 1 A, IS
i (Toe5ev) 2mm
[+ 7:7 2‘0 30 00 5‘0 7100 150

FREQUENCY ( (MHz)

WAVENUMBER Kk (cm’)

Fig. 5. Turbulence spectra in a current sheet. Top: Microwave
emission near the electron plasma frequency is greatly enhanced during
the reconnection pulse. Bottom: (a) Electrostatic turbulence spectrum
below the ion plasma frequency (~25 MHz) sampled during reconnection.
{b) Dispersion relation w (k) obtained from measured cross-correlation
functions (see insert) identifies spectrum to consist of ion acoustic
modes.

The nonstationary magnetic turbulence is analyzed by ensemble
averaging two-probe vector cross-correlations. Digital Fourier
analysis in time and space reveals a multitude of moda2s which fall
near the average dispersion surface for whistler modes Fig. 6b). By
selecting individual modes the polarization properties B(ar, at)
are found to be right hand circular, confirming that the modes are
indeed whistlers.
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w Spectrum

0.5
/2 (MH2z)

Three Dimensional k Spectra

R bxibz2

Fig. 6. Magnetic turbulence in a current sheet. (a) Frequency spectrum
(Tower hybrid w gp/2n = 0.1 MHz; elegtron cyclotron wee/2w = 30 MHz) .

(b) Three-dimensional wave vector k space with unstable modes of

the magnetic turbulence. The cross spectral function <Byj Byp> at f =1
MHz has been measured in two orthogonal planes and spatia}ly Fourier
transformed. The data points are scattered around the theoretical
dispersion surfaces of whistler waves.
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Since whistler instabilities can arise from velocity space
anisotropies we have investigated the electron velocity distribution
function. These measurements are performed with a novel velocity
analyzer with good angular resolution (Ao = 10-2 sterad) (Stenzel et al.,
1983b). The three-dimensional distribution f(v,, v,, v,) is
displayed in Fig. 7a as surfaces of constant value ¥, which are nested
with the maximum (fpayx = 1071* cm™® sec3) near the origin (v = 0).
Anisotropies cause deviations from spherical surfaces, clearly
visible for the contour f = 6 x 1071% cm™® sec3? displayed separately
in Fig. 7b.

Electron Distribution logF(v)

| O-l4 [
<F(v)>
-6
(cm ®sec?)
1,544, Y
R B
/. st WO
;. i ;i;llll 00000,
.z',;f'.ii912!'!7"5’.?.&!’“«““&‘ .
< F> 2000 va .. "
FY ms
-7
Az=-12CM
A y - 2 .S5mm

7X|08cnysec

Fig. 8. Comparison of ensegb]e average distribution <f(V)> and root-
mean-square fluctuations f(V)rms- Upper panel shows the mean 10970
<f(vy, v,)> and two one-dimensional cuts, logyg <f(v,, 0)> and

logyg <f(0, v )>. Middle plane shows contours of constant <f(vy, v )>.
3 dé per contour. Lower plane shows fluctuations fpmg (v, v ),

-4 x 10-16cm-® sec*3 per contour. Note anisotropic distribution of
fluctuations with approx. maxima where f(v) exhibits strong gradients.

The elongation along the magnetic field is produced by energetic
electrons which runaway in the electric field along the separator.
Runaway electrons are observed only inside the neutral sheet. At the
sheet edge the normal field component B, prevents the free acceleration
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=0of electrons.

Kinetic instabilities can be predicted both from the shape of the
average distribution function (e.g. af/av > 0) and by fluctuations in
the distribution involving wave-particle resonances. From a large
ensemble of repeated measurements we have determined both the mean
value and the rms fluctuations which are displayed in Fig. 8 in a
two-dimensional velocity space. Comparing the contour plots of fpean
(vijs vy) and fpps (vy, vy) we find enhanced fluctuations near the
anisotropic runaway electrons. The particle velocities correspond
to the Doppler shifted phase velocities of unstable whistlers, and their
fluctuation spectra overlap. Thus, the origin of the whistler wave
turbulence appears to lie in the observed nonequilibrium distri-
butions in the current sheet.

The complete knowledge of the distribution function f(V, ¥, t)
provides us with the space-time resolved fluid properties of which
we have calculated the particle density, current density, mean
energy and heat flow. Transport parameters have been studied with the
help of an array probe which provides the bulk electron temperature
with high time resolution (Wild, et al., 1983). Correlation analysis
of temperature fluctuations in the current sheet indicate that heating
occurs in bursts of short durations (at = 3usec) generated in narrow
regions (s 3 cm diam.) propagating and diffusing across the field at
approximately the Alfvén speed. Heat bursts correlate with current
pulses. The cross-field heat conductivity is larger than the classical
value. The microscopic heating and transport processes in collisionless
plasmas undoubtedly involve plasma turbulence effects, but further
investigations are required to understand the processes in detail.
Laboratory plasmas are highly suited for this task.
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DISCUSSION

Sonnerup: What is the ion gyroradius? What is the reconnection
rate?

Stenzel: The calculated ion Larmor radius is rei ©~ 30 cm for Argon,
Tei > 10 cm for Helium at <B> ~ 20 G. The reconnection rate, as
determined by the observed upstream inflow velocity, is given by

M= -n 0.2,
A

Van Hoven: What is the driving electric field strength (E/Epreicer)
when you show disruptions? 1Is there any E-field threshold for this
behavior?

Stenzel: We are in the regime where the electron drift velocity
approaches the thermal velocity or E/EDreicer ~ 1, There are no
disruptions observed for vg/vy % 0.1; they build up in the range
0.2 b vd/ve < 1.

Benford: Your 6 GHz radiation seems to be eviden:e for strong
electromagnetic emission near w,. What is the efficiency of this
radiation, and how does it compare, roughly, to microwave emission from
flaring loops and type III bursts?

Stenzel: Microwave signals at f ~ f ~ 6 GHz are observed both as
electrostatic signals in the beam~plasma region and as electromagnetic
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myaves outside the plasma. The mode conversion on density gradients and
scattering off ion acoustic modes has a rather low efficiency, estimated
to be Pem/Pes ~ 10™*. I have pointed out the qualitative analogy between
type III solar radio bursts and our wp emission which occur during
impulsive recomnection events.

Sato: Can you distinguish between double-layer acceleration and the
acceleration by reconnection (slow shocks, for example)?

Stenzel: Yes, the acceleration by the double layer is mainly in the
direction of the separator (y-axis) while the acceleration due to the
reconnection is in the direction of the neutral sheet (x-axis).

Kundu: With regard to 6 GHz plasma emission, I believe that the
time structure of these microwave bursts is less than 10 us. Does it
mean that in an astrophysical object such as the solar flare plasma,
one should be able to produce such fine time structure bursts intrin-
sically, except for the fact that other effects may modify such time
structures?

Stenzel: The time scale for the current distruption and associated
microwave bursts is roughly given by the ion transit time through the
perturbed current channel, here t ~ 5 cm/ (5x10°% cm/sec) ~ 10 usec. If
a solar flare of similar plasma parameters would exhibit a multitude of
unstable current filaments of comparable scale size one may indeed
expect the emission to be randomly modulated at the above mentioned
time scale.

Birn: In magnetotail simulations the asymmetry of the configuration
with gradients parallel to the current sheet and a magnetic field com-
ponent perpendicular to it seems to have an important effect. Could
you study such effects with your device?

Stenzel: Yes, such studies could be done. We could establish such
asymmetries by inclining the current-carrying plates at an angle with
respect to one another.

Dum: You pointed out the importance of the electrodynamics of the
plasma and external circuit for Double Layer (DL) formation. I think
this is a very significant point for our going beyond the usual electro-
static laminar solution nf the one dimensional Vlasov equation that is
offered as an explanation even for such highly dynamic processes as
auroras. Nevertheless, particles are also important. What do you
think are the particle boundary conditions essential to DL formation
such as injection or reflection from electrodes, etc. In the very
recent experiment of Guyot and Hollenstein (Phys. Fluids 1983) DL
formation seems to depend on whether one electrode is heated or not.
How do you trigger DL in a controlled manner, as you mentioned?

Stenzel: The anode, which is the only relevant boundary, absorbs
all electrons; thus we have no control over the injected particle dis-
tributions as in Hollensteins work.

I mentioned that we now trigger current disruptions (not necessarily
double layers) in a controlled mamner. This is done by pulsing a thin
slab of magnetic field (B,) transverse to the current sheet (J,) which
causes a total current disruption. Large inductive voltages drop off
across the slab, possibly forming again double layers.

Bratenahl: Did I understand that you are now looking for spontaneous
development of double layers; that is, double layer development without
artificial stimulation?
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Stenzel: The work reported did describe spontaneous development of
double layers without artificial stimulations. We are now working omn
controlled disruptions of the entire current sheet.

D. Smith: You mention that when a double layer forms, a 3-D potential
results with radial ion acceleration. Could you explain in more detail
how this occurs?

Stenzel: The potential structure is three-dimensional, since only the
perturbed central part of the current sheet rises to a large positive
potential over a finite axial length. Since the ions are unmagnetized,
they are accelerated in both radial and axial directions. This leads to
a large ion, hence density loss from the perturbed current chanmel.

The pump-out of plasma ultimately causes the current loss.

Henriksen: Does the electron distribution have a characteristic
shape in velocity space?

Stenzel: Yes, we have made extensive measurements of the electron
distribution function and found asymmetric distributions even without
current dusruptions. The current sheet contains a large number (v 10%)
of runaway electrone which are accelerated by the inductive electric
field along the separator. These particles strongly influence the
transport processes and provide a source of free energy for driving
various microinstabilities.
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LESSONS FROM LABORATORY
EXPERIMENTS ON RECONNECTION

r R. L. Stenzel, W. Gekelman and J. M. Urrutia

Department of Physics, University of California, Los Angeles, CA
90024, U.S.A.

ABSTRACT

L Magnetic reconnection has been studied in a laboratory experiment designed to model the
basic two-dimensional neutral sheet configuration. However, the focus has been put on the
inner region of the neutral sheet where the ions are effectively unmagnetized and MHD
concepts are violated. In this parameter regime driven reconnection is governed by the
fast dynamics of electrons. In true neutral sheets (B, = 0) the current is carried by
electrons, Thin current sheets (Az 2 cﬂnpe) rapidly form multiple X and O points due to
the onset of the collisionless electron tearing mode. Magnetic energy is transported along
the separator at the speed of whistler waves rather than Alfvén waves. Due to space charge
» separation the reconnection electric field is, in general, not constant along the
' separator but localized near boundaries, nonuniformities in density and magnetic fields
which limit the curreat I,. This leads to localized particle acceleration, formation of
1 anisotropic velocity distributions and instabilities. Reconnection and energization cam be
spatially separated which shows the importance of investigating both the global current
system as well as critical local plasma properties. Experiments of current sheet disrup-
tions are performed which demonstrate the processes of magnetic emergy storage, transport,
{ conversion and dissipation. Double layers and shock waves can be produced by current
disruptions. The laboratory experiments show new dynamic features of reconnection
processes not considered in MHD models yet relevant to narrow current sheets or the center
of thick sheets.

INTRODUCTION

Since its introduction the concept of magnetic field line reconnection has been formulated
in terms of MHD theories /1-4/. This was based on the conception that all gradient scale
- lengths 1in space plasmas are large compared with the particle gyroradii and that the time

scales for magnetic field configurations to change are slow compared to gyroperiods. How~
ever, in the vicinity of magnetic neutral points where first the ions become unmagnetized
the basic MHD concepts such as frozen—in magnetic fields, Alfvén wave propagation, space

' charge neutrality are all violated. Thus, the central region of neutral sheets is governed
by different physical processes than the outer global region. While some processes such as
single particle orbits have been investigated /5/ a self-consistent treatment for the inmer

- region of neutral sheets does not seem to exist. This region is alsc difficult to observe

b from satellites in space due to the short transit time and the variability of the plasma.

On the other hand laboratory plasmas are highly suited to establish neutral sheets less
than an ion Larmor orbit thick. High resolution three-dimensional measurements of magnetic
fields, electric fields, plasma properties, particle distributions and waves can and have
been performed under controlled repeatable conditions /6/. The laboratory experiments can
extend the parameter regime for reconnection to electron-dominated thin current sheets
which would be difficult to investigate in space. Such thin current sheets are also likely
to exist in space plasmas, possibly embedded in larger scale structures as indicated by
rapid intense magnetic fluctuations near null regions. Other cases for thin current sheets
are auroral arcs /7/ and magnetic cavities created by barium cloud releases /8/.

We observe that thin current sheets are dominated by the dynamics of electrons. Magnetic
field perturbations propagate at whistler wave speeds rather than Alfvénic speeds. Thin
current sheets are found to be unstable to the fast electron tearing mode. Space charge
electric fields produce electron Hall currents and a magnetic field component B, along the
separator. The resultant magnetic field configuration approximates that of flux ropes
embedded in a neutral sheet, however, with scale lengths small compared to the ion
gyroradius rpy and inertfal length cﬁnpi. An external magnetic field component
magnetizes the electrons throughout the current sheet and permits electron currents to flow
Y in regions of normal magnetic fields B,. While the contribution of the ions to the plasma
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currents is negligible the ions are important with respect to setting up space charge
fields to which they respond self-consistently. For quasi-stationary conditions, the ions
stream across the separatrix as predicted by fluid theory but the acceleration mechanism
differs from fluid models, i.e. the magnetic x B force is exerted on the current-carrying
electrons while the unmagnetized slow ions are accelerated by space-charge electric fields.

The properties ot the global current system including boundary conditions have been
investigated. It is found that the reconnection electric field is, in generai, not
uniformly distributed along the separator but localized in regions of low conductivity,
e.g. dengity depressions, normal magnetic fields, sheaths and double layers. Such
localized electric fields give rise to localized particle accelerations. The injection of
fast particles into the ambient plasma results in anisotropic distributions, velocity-space
instabilities and plasma turbulence. The role of these instabilities is seen in the
dissipation of the free energy in the distribution function, i.e conversion of streaming
energy into heat. The dynamics of a current system has been studied by a controlled
disruption of a current sheet. The processes of energy storage, release, transport,
conversion to particle kinetic energy and dissipation into thermal energy have been
followed. The understanding of dynamic reconnection processes requires knowledge of both
global and local properties of the current system. These can be obtained in the laboratory
but the extrapolation of the laboratory results to current systems in space remains a
difficult task.

EXPERIMENTAL SETUP

As in the magnetosphere the reconnection process in the laboratory is driven by an external
energy source, the solar wind in space, an external current system in the laboratory.
Figure la shows schematically the experimental arrangement. A pulsed plasma column is
generated by a dc discharge between a 1 m diameter cathode and an anode. The plasma of
parameters listed in Figure 1b is uniform, quiescent, essentially collisionless, and highly

(o) EXPERIMENTAL ARRANGEMENT
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Fig. 1. (a) Schematic diagram of the experimental set-up in a side view (left
hand) and cross-sectional view (right hand). (b) Basic plasma parameters.

reproducible in pulses of duration = 5 msec repeated every ty = 1.5 sec. The plasma
column is immersed in a uniform axial magnetic field 0 < By, < 100 G. For the driven
reconnection experiments a time-varying (tpjg, * 100 usec) magnetic field (0 < Bl s 20 G)
is applied transverse to the plasma column. This field is produced by pulsing primary
currents I; through two parallel-plate electrodes adjacent to but insulated from the plasma
column. The two primary currents close via the cylindrical chamber wall. Due to the
symmetry of the current system there is a magnetic neutral line along the axis of the
device. Typical magnetic field lines in vacuum are shown in the cross-sectional view of
the device (Figure la, right figure). Since the space between the plates is filled with a
highly conducting plasma a secondary current I; is induced anti-parallel to the primary
current. The plasma current is mainly carried by electrons, it flows preferentially along
the neutral line (separator) and closes via the outer chamber wall. In a linear device the
electrons are supplied by a source (cathode) and absorbed by a sink (anode). The plasma
current 1is so large (I, = 1000A) that the vacuum magnetic field topology of the curl-free
X-point is fundamenta]%y changed resulting in a neutral sheet, magnetfc islands, or tearing
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mode configurations. We emphasize the importance of the current closure which is usually
not discussed in two-dimensional reconnection models. For example, 1f in the present
experiment the electron supply is absent (e.g. in the afterglow) the glasna current drops
to the low value of the ion saturation current [I1j/I, = (me Ti/my Te) /2 . 1073] and the
reconnection proceeds almost as in vacuum, irrespective of the high conductivity of the
plasma.

Detalled plasma diagnostic tools are employed in conjunction with a high-speed digital data
processing system. Vector magnetic fields (?,t) are obtained in situ with a movable probe
at up to 5000 spatial locations (Ar = 2 cm) and 1000 temporal points (At = 100 nsec). From
repeated measurements statistical averages are fouiwed (mean, standard deviation, correla-
tions). Distribution functions are measured with a modified retarding potential analyzer
which filters particles through a passive microchannel plate and thereby obtains high
directional sensitivity (AQ/4m = 1073). The small detector (-3 mm radius) can be moved in
real space, rotated at each position through the two orthogonal espherical angles 6, ¢ so as
to obtain from the differential particle flux the three-dimensional distribution function
f(v,6,0) or f(vy,vy,v;). Electron and ion phase space measurements £(¥,%,t) are time
resolved to within a few microseconds. Ensemble averages yield fluctuations in velocity
space. Measurements of such multi-dimensional functions produce large data flows (N > 10°
numbers) which can only be handled by digital techniques. The analog traces are therefore
digitized with 100 MHz, 32 K, 8 bit A-D converters, evaluated on-line with an array
processor and a VAX 11/750 computer linked to a Cray computer for further analysis.

Besides particles and fields, plasma waves are investigated. Frequency spectra (10° < £ <
101 Hz) and wavevectors are measured using two-point cross correlation techniques.

In order to facilitate comparison between the geometries of the laboratory and the
magnetotail we have chosen the same coordinate system where x is along the neutral sheet, z
is normal to the sheet, and y is along the neutral line or separator.

EXPERIMENTAL RESULTS: THE NEUTRAL SHEET

During the time of rising external flux (0 < t < 100 usec) the magnetic field topology in
the x-z plane assumes the shape of a classical neutral sheet. Figure 2a shows a vector
field (By, B;) vs. (x,z) which indicates the long (Ly = 40 cm), thin (Lz = 5 cm) region of
vanishing transverse fields embedded in the reverse-field geometry. Normal to the plane

-
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Fig. 2. (a) Magnetic field vector map (Bx, B;) in the x-z plane (y = 137 cm
from cathode), showing the classical neutral sheet topology. The field
configuration is quasi stationary, i.e. unchanged as long as external flux is
supplied. (Byo ~ 20 G = const). (b) Magnetic field variation Bx(z) across the
neutral sheet ylelds the current density profile Jy(z) = (3By/3z)/uo. The
half width A = 5 cm 1s smaller than characteristic’ ion scale lengths (chipy =
60 cm, r 4 = 12 cm), but larger than electron lengths (c/mPe = 0.7 cm, Tee ©
0.4 cm). The current is carried by electrons.
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138 R. L. Stenzel, W. Gekelman and J. M. Urrutia

there is a uniform field component By, = 20 G. Figure 2b displays at x = 0 the B, com~-
ponent vs., z and its derivative whicx yleld the current density Jy = (3Bx/32)/up. The half
width A = 5 cm of the current sheet is seen to be small compared to characteristic ion
scale lengths (c/mpi 60 cm, rey = 12 cm in helium) but larger than the corresponding
electron scale lengths (c/wpe = 0.7 cm, Tgoe = 0.4 cm) and the length of the classical
diffusion region (24iff = 0.3 cm). Such narrow current sheets are typical when the current
is dominated by electrons [je/ji 2 (mi/me) 2] which is always the case near a crue ueutral
sheet (B, = 0). A finite By component enables electrons to flow in regions of finite B
which broadens the electron” current sheet (4 > rce)' An electron current sheet of width
Ag = c/wy, carries as much current as an ion current sheet of width Ay = clwpi, provided
the currents are driven by the same electric fields . Thus, the role of electrons and
the inner structure of the neutral sheet are very important to the reconnection problem.

Long thin neutral sheets are subject to tearing instabilities /9/. We have established an
experimental configuration which is particularly suited to study current sheet instabili-
ties since 1t establishes known boundary and initial conditions. As shown in Figure 3 a
fine wire grid (transparency > 80Z) with a long (Ly = 75 cm), narrow (1 < L < 4 cm) slot
is inserted in the plasma in the midplane (y = 100 cm). At a desired time (t' = Q) the
grid is biased to a large negative potential (-Vg = 200 V >> kTe) which constricts the
current sheet to the width of the slot. The subsequent space-time evolution of the

magnetic field B x z,t) is measured from which the current density =97 X ﬁ/u
is calculated. &y, (x,y,2,t)

ANODE CONSTRICTION GRID CATHODE
Text (t)
z 5 i e
® )
Al ; ‘_i——”,///////r—ﬂ
g W E - st
T\ __|sov
e ! e~
| It 1,200V
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Fig. 3. Experimental arrangement for studying the stability of thin current
sheets. The electron current is forced to flow through a narrow (Az = 1 cm)
long (4x = 75 cm) slot in a grid at y = 100 cm pulsed to a large negative
potential (e|Vgl >> kTg). Tearing mode growth in the x-z plane and propagation
effects in the y—direction are observed.

Figure 4 displays the magnetic topology B(x 2) which has developed multiple X and O-points
within At = 8 sec after constricting the current to flow through a 1 cm x 75 cm slot. The
time and spatial scales indicate that the spontaneous tearing process is due to the
collisionless electron tearing mode /10/ whose growth rate is predicted to be

kx _X'e ox ( ) 22
(1 -k
e Boy x 2 )

where ky_is the wavenumber ot the modes (k, z 27/20 cm™l), vy the electron thermal speed (vo=
1.5 x 10° cm/sec), Boy i8 the asymptotic B, component away from the current layer (Box =

8G), Byy is the field componeat along the separator (Boy = 20 G), A e is the electron

1nertia¥ length (g = c/wp ~ 0.7 cm) and £ is the halfwidth of the current layer (¢ =

2 cm). The predicted growth time for the experimental conditions 1s Y'l = 1.3 usec,
consistent with the observed fast island growth.

Figure 5 demonstrates the rapid axial propagation of the current system. Contours of
congtant current density Jy are displayed in the y-z plane (x ~ 0) at different times At
after the constriction of the current channel by a 4 cm x 75 cm slot located at Ay = 0.

One constant amplitude contour enhanced as a heavy solid contour represents approximately
the front of the constricted current sheet. It propagates along = 20 G at a speed v, S
107 cm/sec which is much faster than the Alfvén speed (vy = 7 x 10 §’cm/sec) and more

closr:ly given by the group velocity of a whistler wave packet with frequency determined by
the switching time (At ~ 2 usec = ),
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Fig. 4. Magnetic field topology i(x,z) for a thin current sheet (A = 2 cm =
3 c/wpe) exhibiting multiple X and 0 points as a result of electron tearing
modes. The measurement is taken at Ay = 10 cm from the center grid and At =
8 usec after the injection of the narrow current sheet.
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Fig. 5. Propagation of a current sheet along the separator. At At = 0 a narrow
current sheet is injected at the slotted (Az = 4 ca) grid located at Ay = 0.
The thick curve in the contour plot of constant current density Jy R))
roughly indicates the front of the current sheet which propagates Sf-?nhul
speeds vy » VAlfven® Yy < Vyhigtler®
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Thus, the common assumption that currents or magnetic field perturbations propagate at the
Alfvén speed does not hold near magnetic neutral regions where the ions are effectively
unmagnetized. There, the electrons remain magnetized, carry currents and transport
magnetic energy along the separator with their characteristic modes, i.e. whistlers. This
result is very important when we consider the disruption of a current sheet and the release
of stored magnetic energy.

THE RECONNECTION ELECTRIC FIELD AND PARTICLE ENERGIZATION

Two-dimensional reconnection models assume that there are no variations along the neutral
sheet (3/3y = 0). Such models cannot address the problems of current closure and the
realistic situation that global current systems are, in general, not uniform along the
entire current path. This has important consequences on the reconnection electric field E
which in 2-D models is assumed constant along y and is given by the flux transfer rate
aAy/Bt. In general 3-D current systems, Faraday's law only determines t3e+ligg integral” of

1o

the reconnection electric field to be given by the magnetic flux change,@ E<dl = ~-3¢/93t,
and it depends entirely on the circuit properties how the electric field is distributed
along rhe current path. An important result of the laboratory experiments is the finding
that the reconnection electric field Ey can be highly localized. This fact is significant
for the understanding of particle acce{eration during reconnection.

Figure 6 shows in schematic form our global current system and gives three examples of
localized electric fields. Figure 6a indicates that during quasi-stationary reconnection
experiments (I, = const.) the reconnection voltage (analogous to cross-tail potential
difference) is observed to drop off mainly (~80%) at the plasma bouudary near the cathode.
The bulk of the highly conducting plasma shields itself from the applied inductive electric
field by setting up an opposing space charge electric field, hence behaves similar to the
highly conducting external current closure. It is the cathode sheath which, in this
current system, limits the total current and has the highest effective “resistance™ V/I.
The consequence of this localization of E_ is that the particle energization occurs mainly
at the plasma boundary rather than in the bulk of the plasma. Reconnection and energiza-
tion are spatially separated, a concept never considered in 2D theories. It is not
inconceivable that similar situations also arise in magnetospheric current systems; for
example, flux changes due to reconnection in the magnetotail may set up localized electric
fields at the boundary layer and in auroral regions such that the energy dissipation is not
in the tail itself but in other parts of the extended magnetospheric current system.

A second situation where localized electric fields have been observed is shown in Figure
6b. At large current densities spontaneous fast current disruptions have been observed
/11/. When the electron drift velocity approaches the thermal velocity a spontaneous
density depression leads to a current decrease, a localized electric field which in turn
enhances the density depression, and the process runs away into a major current disruption.
The inductive voltage associated with the rapid current/flux change (V = LdI/dt = d¢/dt)
drops off at the location of the current disruption forming a transient potentjal double
layer /12/. Again, electrons and ions are locally accelerated gaining kinetic energy on
expense of released magnetic energy stored in other parts of the curreant system. The
injection of particle streams into the ambient plasma creates a variety of instabilities
which eventually convert the directed kinetic energy into thermal energy.

A third example of localized fields and particle accelerations is depicted in Figure 6c.

In this experiment which will be described in more detail below, the electron current sheet
is disrupted by a pulsed slab of normal magnetic field B, (O> By = 6G) located in the
center of the device. The inductive voltage generated by the loss of magnetic flux due to
rapid reconnection drops off across the slab of normal By, the magnetic “switch". In the
same region the particles are energized.

Finally, an example of tle energized particles is shown in Figure 7. The electron
distribution is measured with a directional velocity analyzer /13/ in the neutral sheet
during quasi-stationary reconnection. Figure 7a shows basic current-voltage traces of the
analyzer which represent the integrated electron flux vs. energy. One can clearly
distinguish a population of low energy bulk electrons and a group of energetic electrons
streaming away from the cathode. The energy of the tail electrons exceeds the dc cathode
potential (~40 V) by approximately the reconnection voltage (d¢/dt = 100 V). Since these
fast electrons are observed already near the cathode end of the device they have been
accelerated by a localized electric field. With increasing distance from the cathode the
tails are scattered and the bulk temperature increases although kT, = 10 eV << d¢/dt.
Figure 7b indicates the electron distribution function in the middle of the device,
displayed as a contour of constant value f(Vv) = 107°° ca™° sec’ in three-dimensional
velocity space ¥ = (vx.vy,vz). The energized elgctrons injected into the neutral sheet
topology are scattered in velocity space by E + v x B forces and form complicated tail
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LOCALIZED ELECIRIC FIELDS

(a) Quasi-stationary Reconnection

Plasma R=0 Sheath Potential
doeree el e Av=-d0/dt=fEdl
5 c
i ®8ye ®
AT p— .—I ——

(b) Current Disruptions (yy=~va , nj—=0)

7 ) hty— B

X
Double Layer AV =L dl1/dt

(c) Localized Magnetic Fields By 1)

¥ z
T e \ B y'—; ‘

AV =-dd/dt = L dl/dt

Fig. 6. Examples of localized reconnection electric fields which can only be
explained by considering the global current system rather than a local section
containing a two-dimensional current sheet. (a) In quasi-stationary
reconnection (0 < t < 100usec) the induced voltage associated with the flux
transfer across the separatrix mainly drops off at the cathode sheath. Local
particle acceleration by inertial effects permits rapid reconnection in the
otherwise highly conducting current system. (b) Spontaneous fast current
disruptions (At = lOusec) are observed at large current densities which lead to
a local density depletion and the formation of a double layer. At the double
layer the excess magnetic energy is converted into particle kinetic energy.

(c) A controlled rapid current sheet disruption (At ~ lOusec) is produced by a
pulsed normal magnetic field B(p) which prevents the free electron motion along
the separator. The inductive voltage drops off across the region of B, where
the excess magnetic energy is dissipated.

distributions /14/. The free energy in these distributions drives various instabilities,
e.g. electron plasma waves and whistler waves, some of which have been studied in detail

/15/.

The laboratory experiments have shown the importance of investigating both the global
current system and local plasma properties in order to understand the dynamics and
energetics of reconnection. The formation of localized electric fields permits rapid
reconnection to occur in highly conducting plasmas by the process of inertial reconnection.
During the finite transit time through the electric field structure the particles are
energized without undergoing collisions. The field structure provides dissipation of
magnetic energy in a current system without significant resistivity. The energization of
particles can be localized, sporadic, and usually leads to anisotropic distribution
functions. Such features have also been observed in the magnetotail with high resolution
electron detectors /16/.

DISRUPTION OF A CURRENT SHEET

Reconnection attempts to expiain the rapid conversion of magnetic energy into particle
kinetic energy which is observed to occur in solar flares and magnetic substorms. Although
in the laboratory one cannot model the complicated global current systems encountered in
space one can establish simpler but related configurations and investigate the basic
physics of magnetic energy storage, release, transport, conversion and dissipation. Such
an experiment will be described here.

Figure 8 summarizes the events observed when an initiz=liy quasi-stationary current sheet is
suddenly disrupted in order to release the excess magnetic energy of the system. The
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Fig. 7. Anisotropic electron distributions produced by localized electric

fields. (a) Electron flux vs. energy observed with a directional particle

analyzer pointed in both directions along the separator. From the localized

field near the cathode a flux of energetic electrons is ejected which

acquired most of the reconnection energy (ed¢/dt =~ 100 eVv). (b) Three- .
dimensional electron distribution function displayed as surface of constant

value f(v_,v. ,vz) = 107 cm™® sec3, showing the distribution of tail electrons

x
after propagztion along the neutral sheet. The free energy in the distribution '
excites Langmuir and whistler turbulence.
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Fig. 8., Schematic diagram describing the results of disrupting a current sheet
Jy wvith a rapidly pulsed solenoidal magnetic field B,.

disruption mechanism described in Figure 6c establishes reproducible initial and boundary
i conditions 8o that one can follow the complicated events in space and time. In space
E plasmas analogous disruptions may arise from large smplitude wmagnetic waves or fast tearing
modes. We find that after applying the switch magnetic field B, the excess magnetic energy
of the neutral sheet disappears on a time scale of whistler wave propagation along the
separator (~100 cu/107 cm sec™! = 10 usec). The initially laminar current sheet cascades
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into small scale filamentary current loops which generate magnetic helicity /17/. A
potential difference corresponding to the magnetic flux change d¢/dt drops off across the
magnetic switch. The global decrease of magnetic energy Id¢/dt causes a local increase in
particle energy, i.e. ions are accelerated by E, across B; since r. 4 > B/VB, electrons are
heated by cross-field instabilities, and additional plasma is created by ionization of
neutrals at high electron temperatures. The rapid local emergization causes the plasma to
expand primarily in the direction of the ion flow. The front of the mass flow steepens
into a large-amplitude electrostatic shock wave. It slowly dissipates its energy by
interaction with the background ions.

The events summarized in Figure 8 will now be supported by direct observations. Figure 9a
displays the time dependence cof the plasma current 1, as measured at the anode. After it
has built up to its quasi-stationary value the local normal wagnetic field B, is switched
on which completely disrupts the external current flow. Figure 9b shows the time
dependence of the dominant magnetic field component B, in the plasma and, for comparison,
in vacuum. The formation of the neutral sheet stores excess magnetic energy which upon
current disruption is released within At < 10 usec. This rapid time scale cannot be ex-
plained by Alfvén wave propagation (At ~ 100 usec) or resistive dissipation (At > 1 msec),
but by whistler wave propagation of rapid magnetic perturbations such as shown in Figure 5.

Reconnection
Disruption

Anode
Current

I a
(120A/div.)

Magnetic
Field

By
(2G/div)

Time ¢

Fig. 9. Time scale of current disruption and magnetic energy loss. (a) Plasma
current at the anode which, after building up to its peak value is disrupted at
t = 25 pysec by the magnetic switch. (b) Magnetic field By(t) in the neutral
sheet region (with plasma) and in vacuum. Prior to the disruption excess
magnetic energy 1s stored by the plasma current. After the disruption it is
released within 4ot = 10 pusec, a time scale too short for convection by Alfven
waves or resistive diffusion but consistent with whistler wave jropagation
(Figure 5).

Figure 10 shows the dynamics of the current system during the disruption. From repeated
measurements of the magnetic field B ? at 5000 spatial locations (Ar = 2 cm) and 1024
time increments (At = 50 nsec) the cutrent density % r t) =V x §/u° is calculated, field
lines are fitted through this vector field, and disp ayed in the plasma volume between
switch and anode at different times of the disruption process. Prior to the disruption
(t = -0.6 usec) the current flows as a laminar sheet in the x~y plane (z = 0) from anode to
cathode. As the electron inflow at the left-hand x~z plane is inhibited by the growing B
component the current begins to circulate within the plasma volume forming temporally
repeatable but spatially random patterns of small-scale current loops and filaments. The
process of cascading from large to small-geale aetructurea coincides with the decrease in
the strength of the current or magnetic energy, however, a causality between the two
processes is not easy to infer. Similar cascading processes have also been observed in
other laboratory devices and compared with solar flare phenomena /18/.
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Fig. 10. Field lines for the current density vector Jéx y,z,t) at different

times of the current sheet disruption. The initially t'="~0.6 usec) laminar
current sheet cascades during the disruption into small scale current loops and
filaments. Simultaneously, the magnetic energy is lost. Due to the controlled
disruption the spatislly random current pattern is highly repeatable from pulse
to pulse.

W

Frog the knowledge of the current dens})ty 3 the vector potential re ?,t = 7»% 3(;,:)/

r;r| dv' has been calculated. Since B 3 .y 18 also known, the magnetic heliity K(g) =

A+B dV of the plasma current system can’be found. Helicity is a measure for the linkage
of magnetic flux of current systeme and, in ideal MHD, 18 a conserved gquantity like
magnetic energy /19/. Figure 1] shows the observed change of helicity which indicates flux
linkage to occur during the current sheet decay. Helicity and energy decay on the fast
time scale of electron whistlers.

MAGNETIC HELICITY  K=fZ.Bav )
10 1
T
b jf' . \
o Arr) ‘47/?‘-’#‘1‘” |
B -4y ‘ .
K 6
(Arb. ~
units) ! ‘
4

L J

-10 0 10 20 30
TIME At (usec)
Fig. 11. Temporal variation of the magnetic helicity of the plasma current
system. The current sheet disruption changes helicity and energy on a time
scale of whistler wave propagation through the device.

In order to account for the loss of magnetic energy the plasma parameters have been
measured throughout the plasma volume. The only region where significant energization
occurs is around the magnetic switch. Figure 12 shows an axial plot of denmsity,
temperature and plasma potential during the early disruption (At ~ 2 pusec). A potential
A¢, = 30 V drops off across the region of normal B, which locally raiszs the electron

temperature to kTq = 10 eV, and increases the density by ionization. With increasing time

the density peak grows (6n/n } 100%) and propasgates into the low potential region due to
ion acceleration.
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Plasma Parameters
During Current Disruptions .
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Fig. 12. Plasma properties n,, T, ¢p V8. y during the early phase of the
current disruption. A potential difference A¢, = 30V drops off across the
region of normal magnetic field B, which leads to ion acceleration, electron
heating and a density increase by ionization, all on expense of the magnetic
F energy of the disrupted current system.

The ejection of energized plasma is shown in Figure 13. 1t displays the ion density vs.
time observed at increasing distances Ay from the magnetic switch toward the cathode. The
front of the ejected plasma is observed to steepen into an electrostatic shock wave of
width 6, = 0.6 mm =~ 15 Xp propagating with sonic Mach number M = v /cs = 1.5 along B, .
With ianeasing distance the shock amplitude decays, i.e. wave enefgy is transferred to the
background plasma. Such dissipation processes involve the acceleration and reflection of
background ions. Measurements of the ion distribution function have shown the tail
formation /20/. At the foot of the shock enhanced density fluctuations are observed
associated with reflected ions exciting beam-plasma instabilities.

SUMMARY

Magnetic reconnection has been studied in a laboratory plasma with electron dominated
current sheets. Reconnection is viewed as a property of an entire current system rather
than a local process. Investigation of the third dimension, i.e. the direction along the i
current flow, hes shown that reconnection (flux transfer) and dissipation (acceleration by
localized electric fields) can be spatially separated. The energy is transported along the
current system by characteristic electromagnetic modes, which are whistlers for electron

: dominated current shects. The central region of neutral sheets {4z ¢ :ci) is centrolled by
3 the dynamics of electrons. Exawmples of dynamic current systems have been presented

(current constrictions, partial and total disruptions) which differ in the details of the
events but have in common the rapid conversion of magnetic energy into particle kinetic
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(a) STEEPENING (b} PROPAGATION

TIME t (4 ysec/div}
(d} SHOCK THICKNESS

TIME t (1usec/div)

(c) SHOCK AMPLITUDE

—

-t -

At=Qlusec , Ay= 06mm

Fig. 13. The local energization of the plasma at the magnetic switch leads to a
mass outflow which steepens into an electrostatic shock wave propagating along
BKO * 6 G toward the cathode. (a) Ion flux vs. time at different positions Ay
showing shock formation by nonlinear steepening. (b) Shock wave propagation at
sonic Mach number M = vg/cg = 1.5 (vg = 5.5 x 10° cm/sec, kTe = 6 eV). (c) Shock
wave amplitude Sn/n = 100% near region of formation. For comparison the
waveform of the switch B, is shown. (d) Shock thickness iy = vg At = 0.6 mm =
ISXD of a fully steepened shock wave observed on two time scales (1 usec/div
top, 0.2 usec/div bottom). Note oscillations at the shock foot due to reflected
ions forming beam-plasma instabilities.

energy in highly conducting plasmas. Since current systems in space also differ greatly
there may be many unexpected forms and signatures of reconnection in addition to the
standard fluid motion across the separatrix. The laboratory experiments suggest to look at
processes along the separator, i.e. electric fields at nonuniformities, the role of
electrons in transporting energy and momentum, the role of a B, component, the current
closure, and correlations between magnetic flux variations and particle energization at
different parts of the current system. Simultaneous observations from several spacecraft
would seem a prerequisite for investigating three-dimensional dynamic current system.
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Anomalous Currents to an Electrode in a Magnetoplasma
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An electrode pulsed to a large positive potential (¥ >> kT,/e) in a collisionless magnetoplasma
is observed to draw currents far in excess (10x) of the field-aligned electron saturation current
prescribed by probe theory. The large currents are inferred to be due to anomalous cross-field
transport caused by current-driven instabilities. Electric fields due to space-charge separation and
anomalous conductivity lead in time to ion expulsion from the current channel and hence to densi-

ty depletion and current collapse.

PACS numbers. 52.40.Hf, 52.25.Fi, 52.35.Qz, 52.70.Ds

The current to an electrode biased above the plasma
potential in a collisionless plasma is a long-standing
problem of fundamental interest in plasma diagnos-
tics!~> and current systems in space.* Earlier reports’
have derived the plasma parameters from probe
characteristics but have not considered the perturbing
effects of saturation currents on the plasma. In this
Letter we report measurements of the spatial and tem-
poral evolution of the electron saturation current sys-
tem, J(r,7), within the plasma as well as detailed diag-
nostics of electric field, density, and temperature.
From the observations we conclude that electrons
drawn by a highly biased (V >> kT,/e), pulsed probe
raise the plasma potential in the flux tube roughly sub-
tended by the electrode giving rise to electron Hall
currents, expulsion of the unmagnetized ions from the
flux tube, and anomalous radial electron currents.
The enhanced parallel current near the probe creates
an anomalously low parallel conductivity o (J/)} which
results in resistive electric fields, £, =J,/a(J/)}, far
outside of the sheath region. lons are accelerated away
from the probe and electrons toward it resuiting in a
net density depletion, n,=n — 0, and hence the
probe current collapses. Recovery of the current-
driven instability causes plasma to flow back to the
perturbed region and the process repeats periodically
creating pulsating currents in steady state. The large
transient current pulses penetrate into the plasma
along B, at near electron thermal speeds, but since
they exist only over durations of ion transit times
across the current channel the penetration along B, is
limited to distances

1/2
Vde . kTem; ’
Vg N 4melAom, s

where A¢ is the radial potenticl drop in the channel
and ry, the flux tube radius. Our plasma is much larger
than these scales; hence the results are not boundary
dependent and can be scaled to relevant applications.*
The experiments are conducted in the quiescent af-
terglow (z=120 usec) of the pulsed (f,,=2 sec,
lon=4 msec) plasma (n,=2x10"" cm~3, T,=5T,

L-
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=15 eV, 8,=30 G, p,=4x10"* Torr, Ar)
schematically shown in Fig. 1(a). The electrode is a
tantalum disc of 0.8-cm radius (rp) insulated on one
side. It is biased to V=80 V (>> kT./e) via a
transistor switch with respect to the grid anode and
chamber walls. The magnetic field, B(r,¢), induced by
the current is measured with a probe consisting of
three electrostatically shielded, small (1-cm diam),
orthogonal magnetic loops. The probe tip is capable of
scanning a suitably large volume (0<r <8 cm,
0<z<S55 cm) about the electrode. The current-
density vector field, J(r,1), is calculated via
J=V xB/uo. The local plasma parameters (n,, 7,
&) are obtained with a small (1 x 1.5-mm?) Langmuir
probe. The probe tip can also scan a volume about the
electrode. The probe bias is changed in successive
shots and the probe current-voltage characteristic as a
function of time is reconstructed at each spatial point.
The acquisition and handling of the necessary large
data set is done by computer.®

(a)
n .3 ! m@
Afterglow Plasma 210 cm”, 15eV iL4-Cathode
Dise 1..°; -8 Ha
1Sm ; -/ 06 :
5amf o 30 Magnetk E
netic :
Probe T
11t oA 25m
{' 80V Langmuir Probe
(b) 10
Current
1
(A) 5

0~

Time ¢ ( 5usec/div)

FIG. 1. (a) Experimental device. (b) Electrode current /
vstimerat V=80V,
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The normally floating electrode is pulsed (rise
time = 200 nsec, f,, = 40 usec) to the supply voliage.
The probe current exhibits a temporary increase above
the expected electron saturation current (I,,s,lanrg
x ne[kT,/2wm,1Y2=1 A) whenever the supply vol-
tage exceeds the plasma potential. Current overshoots
have earlier been observed’ and explained theoretical-
ly>7 by excess ions in the probe sheath but here we
will show that the underlying physics is different.
After the first current overshoot smaller current peaks
appear at somewhat regular time intervals. This im-
plies that no steady-state (3/dr==0) currents exist,
presumably because the plasma has been radically per-
turbed by the first overshoot. This Letter concentrates
on the first overshoot (/,, =10 A) caused by an 80-V
bias [Fig. 1(b)].

The penetration of currents or magnetic fields is ad-
dressed by observation of the tempora! evolution of
magnetic energy density, B%/2u,, as shown in Fig. 2.
The front of the magnetic energy-density perturbation,
arbitrarily chosen as the first contour, assumes a speed
of v=2x107 cm/sec, nearly the thermal electron drift
speed to the probe, vy, = (k7,/2am,)"?=2x10’
cm/sec, but lower than the speed of a whistler wave
packet of 2-usec duration,

v, = 2(‘/«»,,((»«::‘.,)'/2 =9x 107 cm/sec,

vvvvvvvvvvvvvvv

F

A

(cm)

WEUYE FWEEWE |

Al Ll

>~ > >

T
~a )

e cA MANSRA M= na

Kissia

asasslasigs

FIG. 2. Contours of constant magnetic energy density in
the r-z plane at different times. Contour separation is 0.2
nJ/em’. The front asymptotically assumes a speed of 2x 10’
cm/sec. The electrode is shown to scale in the first panel;
however, it is located at z =0 cm.
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and much faster than the Alfvén sp :ed,
va= Bo/Cugnm, )2 = 3x10° cm/sec.

and the ion sound speed,
¢yg=(kT,/m;)=2x10% cm/sec.

The region of maximum energy, which is also the re-
gion of maximum current density, does not extend far
(z £ 20 cm) from the electrode. The axial divergence
implies that currents are not confined to flow along the
flux tube but must funnel radially in from the entire
plasma into the electrode.

Examination of the current density reveals the ex-
istence of both parallel and perpendicular currents.
Figures 3(a) and 3(b) display, for example, the current
density (J, <0.7 A/cm?, J, <04 A/cm?) in the
plane 2 =5 cm at t=1.5 usec. The direction of J is
mainly azimuthal to the flux tube, i.e., a Hall current,
and partly radial outside the flux tube. Consequently,

(a)

(b 04

(c)
b
y )
0
(cm)
-8 5 X
Z(em)
(d) 55
H
I
(A) L Iy(55cm)
° Py
I'(Scm)
* oo 10 20 3.0 40 5.0
t (psec)

FIG. 3. (a) Topological map of J; for a limited region
about the origin for the plane z =5 cm at r = 1.5 sec. Con-
tour spacing is 0.08 A/cm?. Maximum value is 0.8 A/cm?.
(b) Same as (a) but for J,. Maximum value is 0.4 A/cm?.
(c) Trajectory of a current density line at r = 1.5 usec exhi-
biting the right-handed, conical helix of varying pitch path.
(d) Current at the boundaries of the explored volume as a
function of time.
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the current flows along nested right-handed conical

helices whose apex is at the electrode. Because J,/J
is a function of space, the pitch and conical angle of
the helices vary continuously. A typical example out
of the infinite set of current-density lines is shown in
Fig. 3(c). While the current density describes the local
properties of the current system one would also like to
know the integrated currents / = [ J-dA. Figure 3(d)
shows that the current across the surface closest to the
electrode (/) ; =5 .m) evolves in time as the externally
measured current [Fig. 1(b)]. Its magnitude, howev-
er, is not the same since it is measured at z =35 cm.
Current flowing through the opposite surface
(74 2 ~55¢m) is initially much smaller than the current
at z=15 cm. However, the perpendicular current flow-
ing out of the four side surfaces of the rectangular
volume explored [Fig. 3(c)] account for /| ;uscm in
spite of the low magnitude of J, on the boundaries.
Hence, current is funneled into the electrode. Only
after the current overshoot begins to decay does
Iy =ssem Overtake I, as the source for [y ;=scm-
The late appearance of flux across the plane at z =55
c¢m is clearly due to the propagation of the current
front. The closure path for the current therefore
evolves in time and probably encompasses the entire
plasma volume. It is appropriate to noie that

E=-90-0p/ne
““".‘~"""7:’.‘0ﬂ‘“c.
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O_-.V/an z (em)

FIG. 4. Vector field msp of the net electric field,
B(r,t) = -~ V¢~ V,/n, for selected times. The electrode is
shown to scale in the bottom panel; however, it iS at z =0
cm.
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b -ﬁl- d A is not strictly zero at all times ( = 5% of
I, at t=1.5 usec) indicating that current measure-

ments may have a similar error.
Upon switchon of the electrode bias, the plasma po-

tential is observed to rise with negligible delay
throughout the entire plasma by as much as A¢ = 30
V and near the probe by A¢ =40 V. The global po-
tential shift is caused by the return electrode (grid
anode and chamber walls) which must draw an ion
current equal to the electrode electron current so as to
maintain charge neutrality. The local potential gra-
dients near the electrode are observed to extend well
beyond the sheath region [thickness &= (A¢/
kT,)Y\p, = 5rp. =0.15 mml]. Figure 4 shows vec-
tor maps of the net electric field, E(r:t)
- —V¢—V(nkT,)/ ne. Inductive electric fields are
negligible compared to the electrostatic fields [9A/
3tr=1 mV/cm). One can observe the following
features: (a) At early times (1 =1 usec) the electric
field is predominantly radial (E, = 2 V/cm) as a result
of an excess positive charge [(n,—n,)/n,=107%] in
the flux tube caused by electron drain to the probe;
and (b) as the probe current peaks, an unexpectedly
strong parallel field [E, >4 V/ecm >> V(nkT,)/ne)
builds up near the probe (z <3 cm). The conse-
quence of the radial field is an azimuthal drift of
the magnetized electrons (vy=E, xBy/B¢ = 6x10°
cm/sec) producing the Hall currents (Jy== nev, < 0.4
A/cm?) and a radial outflow of the unmagnetized ions
(ry =20 cm >> rp =2 cm >> r,, = 2 mm) causing a
small radial current density (J, = nec,=5 mA/cm?),

KTy (eV)

FIG. 5. Space-time dependence of electron temperature,
kT,, and density, n,.
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which when integrated over the large cylindrical area
involved yields significant currents (/,,=2ur,L,J,
=31 A). The Hall current is expected to generate
ion-sound turbulence® (vy >> ¢,,T, >> T;) producing
azimuthal-wave electric fields, £,, and radially inward
electron Bohm transport® (/,, > /,,). Thus the radial
transport of ions and electrons accounts for the unex-
pected cross-field currents. The large parallel electric
field produces electron heating [or increase in mean
energy if f,(v,r,t) is non-Maxwellian] and accelera-
tion of ions away from the electrode with a resultant
density depression. Both of these effects are shown in
Fig. 5§ which displays k7, and n vs (r,z) at different
times. Local heating is observed during times and lo-
cations of strong E-J (¢ = 1.5 usec, z <3 cm). The
increase in k7, and the electron-ion drift velocity pro-
duces ion acoustic® and Buneman® instabilities
(vg=1.2%10% cm/sec > v,, =7%10" cm/sec >> ¢,
T, >> T;) which have been tentatively identified in
observed density-fluctuation spectra. Such instabilities
produce the anomalous parallel conductivity!® which,
in turn, explains the large paraliel electric fields.

In summary, currents far above the electron satura-
tion current can momentarily be collected in a magne-
toplasma. Such large currents are due to the appear-
ance of anomalous conductivity and are possible only
when the electrode bias is rapidly switched above the
plasma potential. The large currents are terminated by
the onset of anomalous electric fields which lead to ion
expulsion, and hence density depletion, from the vi-
cinity of the electrode. The observations have pro-
found bearing in the use of rapidly swept Langmuir
probes, charging of spacecraft, and the proposed shut-
tle electrodynamic tether system.*
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